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Summary 
Molecular ecology has already provided profound insights into behaviour, ecology and 
systematics of organisms improving our understanding of the relationship between 
genetic variation and biodiversity. The objectives of my PhD were to develop new 
genetic markers and use these markers to address fundamental issues in evolutionary 
biology using shorebirds as model organisms. Shorebirds are part of the ancient avian 
Charadriiformes order and are characterised by extraordinary ecological and 
behavioural diversity. However, due to the lack of appropriate genetic markers the 
molecular ecology of many shorebirds has not been investigated previously. Therefore, 
first, I developed polymorphic microsatellite markers from genomic libraries for a 
behaviourally diverse shorebird, the Kentish plover Charadrius alexandrinus (Chapter 
II). Second, using the genomic data-bases I expended this work to develop further 
markers that cannot only be used in the Kentish plover, but also a large number of other 
shorebird species (Chapter III). Third, I investigated population differentiation and 
genetic diversity of Eurasian and American Kentish plover populations using the newly 
developed microsatellite markers and further mitochondrial markers (Chapter IV). The 
genetic differences between Eurasian and American populations that are mirrored by 
phenotypic differences call for a reconsideration of the current taxonomic status of the 
species; Eurasian and American populations should be recognised as belonging to two 
separate species. Finally, I asked how genetic diversity influences the fitness of 
precocial Kentish plover young (Chapter V). I found that survival of chicks until 
fledging was associated with genetic diversity (measured as heterozygosity) at three of 
eleven marker loci. Genetic diversity at one marker locus had a positive effect on 
survival whilst it had negative effects at two loci. The results of my PhD have brought 
up many new questions and I propose promising lines that need to be explored in the 
future (Chapter VI). 
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Chapter I 
 
Introduction 
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Background 
Molecular ecology, the application of molecular genetic methods to problems in 
ecology, is a broad but still young scientific discipline (Beebee & Rowe 2004). Most 
research in molecular ecology is centred around the molecule of life, deoxyribonucleic 
acid (DNA), attempting to link its variation with variation in ecology, behaviour and 
evolutionary history of individuals, populations and species. Once DNA sequences are 
known, ecologists and evolutionary biologists can answer many questions for which 
morphological, behavioural or ecological data cannot provide complete answers. 
Molecular ecology is bringing new insights into systematics, improving our 
understanding of the tree of life and how the present species phylogenies have evolved. 
It provides the tools for examining the coherence of populations, gene-flow between 
fragmented demes, and enables conservation biologists to identify genetic threats and 
model the survival prospects of populations. Molecular genetic tools have helped 
researchers to quantify reproductive success of individuals, reconstruct pedigrees and 
identify beneficial alleles and/or allele combinations to understand the interplay of 
natural and sexual selection. Its findings enhance our understanding of biodiversity and 
can help to conserve and protect it (Karp et al. 1997, Frankham et al. 2002, DeSalle & 
Amato 2004). 
In molecular ecology various genetic markers are employed (Beebee & Rowe 2004). 
Popular markers currently used include allozymes, protein variants of a gene that can be 
separated by gel electrophoresis, mitochondrial DNA markers, haploid markers with 
intermediate variability that are inherited exclusively through maternal lineages, 
amplified fragment length polymorphism (AFLP) markers, restriction-digested DNA 
annealed to specific linkers which results in specific amplification band patterns, single-
nucleotide polymorphism markers, homologous DNA fragments that differ in their 
sequence in a single base, minisatellites, 10-60 bp repeated long sequence motifs and 
microsatellites, 1-6 bp frequently repeated highly variable short sequences. Each marker 
has its strengths and limitations. To answer different questions the variability of 
different markers is exploited. Many markers were initially considered to be selectively 
neutral, although this assumption turned out to be often incorrect. For example, many 
microsatellites which are usually considered to be selectively neutral have been found to 
be located in expressed genes or in DNA regions with regulatory functions where their 
variability can modify functionality (Li et al. 2002, 2004).    
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Microsatellites  
In my PhD I focussed on the application of microsatellite markers in shorebirds 
(plovers, sandpipers and allies, see below). Microsatellites (or simple sequence repeats) 
are the most versatile markers currently used in molecular ecology and can be applied to 
identify individuals, populations and species. Microsatellites are often found in non-
coding regions of eukaryotic genomes (Ellegren 2000, Li et al. 2002). Variability is 
introduced by mutations and microsatellites exhibit high mutation rates of 10-3 – 10-7 
allele changes per generation. However, these mutation rates differ between species and 
loci (Ellegren 2000, Buschiazzo & Gemmell 2006). The unique mutation process of a 
microsatellite involves changes of the repeat number by replication slippage or 
interchromosomal exchange (Buschiazzo & Gemmell 2006). Replication slippage, 
considered by most authors as the main mutation process, occurs when DNA strands are 
not properly aligned during the replication process. A new repeat is either added (when 
a loop forms in the newly synthesised strand), or deleted (when loops form in the 
existing template strands, Ellegren 2000, Buschiazzo & Gemmell 2006). Four repeat 
units are considered as the minimum for replication slippage to take place (Buschiazzo 
& Gemmell 2006), and the variability of microsatellites is associated with the length of 
the marker. Replication slippage is best characterised by stepwise mutation models 
(Ellegren 2000, Buschiazzo & Gemmell 2006). The resemblance of alleles at a given 
microsatellite locus is sometimes assumed to reflect their evolutionary history. Alleles 
of similar length are then closer related to each other than alleles with very different 
allele lengths (Coulson et al. 1998). The second mutation process, interchromosomal 
exchange, occurs during unequal cross-overs of homologous DNA strands, although the 
importance of this type of mutations is debated (Buschiazzo & Gemmell 2006). 
Microsatellite markers are single locus markers that refer to the same genomic loci 
across all examined individuals. Each locus can be amplified by polymerase chain 
reaction (PCR) using primers that bind to up- and downstream target sequences 
surrounding the microsatellite. The products are visualised on gels or, when fluorescent 
primers are used for amplification, on automated genotypers. Microsatellites are 
codominant markers, and heterozygotes can be distinguished from homozygotes 
(assuming that all alleles can be amplified by PCR), because alleles differ in their 
length. However, due to the complexity of the mutation process in which both allele 
expansions and contractions occur, not all alleles of the same length are identical by 
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descent which can be a problem for applications such as estimating pairwise relatedness 
(Queller & Goodnight 1989, Lynch & Ritland 1999).  
Although microsatellites are popular markers to investigate natural populations, the 
development of appropriate marker sets needs considerable funds and expertise. Their 
frequent occurrence in non-coding genomic sequences means they are little conserved 
and many primers work only in closely related species. Therefore microsatellite markers 
need often to be isolated, de novo, by screening enriched or unenriched libraries (Zane 
et al. 2002). Another popular way to find microsatellite markers is by testing available 
primers from related species for amplification and polymorphism in the species of 
interest (‘cross-species amplification’ tests, e.g. Primmer et al. 1996, 2005, Dawson et 
al. 2005). Success rates differ from species to species with some loci working across a 
broader taxonomy than others. However, the reasons for these differences are unknown.  
Understanding the interaction between genetic diversity and fitness is a key element of 
evolutionary biology. Inbreeding with its negative consequences on fitness is 
detrimental for individuals and a main concern for conservation of populations and 
species (Charlesworth & Charlesworth 1987, Hedrick & Kalinowski 2000, Keller & 
Waller 2002). Microsatellite markers have been heralded as a pragmatic solution to 
measure inbreeding and relatedness in the wild because marker based estimates of 
relatedness should give close approximations to pedigree relationships without the need 
for long-term studies (but see Pemberton 2004, Csilléry et al. 2006). Marker based 
correlations between heterozygosity and fitness are frequently reported from wild 
populations (Coulson et al. 1998, Amos et al. 2001, Acevedo-Whitehouse et al. 2006, 
Ortego et al. 2007). However, the causes of the heterozygosity-fitness correlations are 
debated (Hansson & Westerberg 2002). In particular, it needs to be established whether 
observed correlations between marker heterozygosity and fitness are based on 
genomewide, direct or local effects and whether such correlations occur in both inbred 
and outbred populations. 
Why study shorebirds? 
Shorebirds are part of the Charadriiformes, an old avian order with approximately 350 
species, that evolved about 80-120 million years ago (Baker et al. 2007). Recently the 
major relationships between the different Charadriiformes suborders have been 
thoroughly investigated with most of them being resolved (Thomas et al. 2004, Baker et 
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al. 2007). However, there are still insufficient data to resolve relationships between 
species (and populations) at the tips of the phylogeny (Thomas et al. 2004).  
Shorebirds feature many diverse ecological characteristics. They breed on all continents 
including Antarctica; some species such as the black-winged stilt Himantopus 
himantopus and Kentish plover Charadrius alexandrinus have a cosmopolitan 
distribution that includes several continents, whereas others such as Chatham island 
snipe Coenocorypha pusilla and the St Helena plover Charadrius sanctaehelenae are 
restricted to a small geographic region that comprises a single island (Johnsgard 1981, 
del Hoyo et al. 1996).  
Many shorebirds are migratory and their movements include record breaking long 
distance journeys. Arctic breeders may travel to their wintering habitats at the most 
southern tips of mainland America, Africa or Australia covering a distance of more than 
20,000 km twice every year (van de Kam et al. 2004). A satellite tracked bar-tailed 
godwit Limosa lapponica was followed on an 11,570 km non-stop flight from Alaska to 
New Zealand in 8½ days, an achievement unmatched by any other animal (US Fish & 
Wildlife Service 2007).  
Shorebirds also harbour an extraordinary diversity in breeding systems (Thomas et al. 
2007). Some species are characterised by classic monogamy with both males and 
females providing care for the offspring.  Others such  as the ruff Philomachus pugnax 
show polygyny, where males meet for display competitions in leks and try to fertilise as 
many females as possible (e.g. the ruff, Pitelka et al. 1974, Oring 1982, del Hoyo et al. 
1996). Finally, some shorebirds are polyandrous, where females are the dominant sex 
and mate with more than one male per season, or even reverse the classic sex-roles by 
becoming territorial and competing with other females for access to males (e.g. the 
bronze-winged jacana Metopidius indicus (Butchart 2000).  
Although the ecological and behavioural diversity of shorebirds was already recognised 
by Charles Darwin (1871), when he used variation in shorebird breeding systems to 
illustrate sexual selection, the reasons for this diversity are still poorly understood (see 
also Székely et al. 2006). After several decades of research efforts in ecology it has 
become clear that this diversity cannot be explained by environmental differences 
between populations alone. For example, in some species several types of breeding 
systems occur in the same population: polygyny, polyandry and monogamy, e.g. 
Temminck’s stint Calidris temminckii and Kentish plover (Hildén 1975, Lessells 1984, 
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Warriner et al. 1986). Instead genetic differences between individuals and populations 
may hold the key to explain this diversity and this is where molecular ecological 
investigations could bring new insights.  
 
 
 
 
 
 
 
 
 
 
 
The results of molecular ecological analyses will also have implications for shorebird 
conservation. Many shorebird populations are threatened and about four times more 
populations are declining than increasing (Stroud et al. 2004). Although the loss of 
genetic diversity is a major concern for the future of many species (Frankham et al. 
2002), the genetic diversity of only a handful of shorebird species has been investigated 
up to date (Baker 2006). Moreover, most studies were conducted in arctic shorebirds 
and Baker (2006) argued that the observed low genetic diversity of these populations is 
due to severe bottleneck during the glacial periods. Detailed investigations into genetic 
diversity of populations from temperate or tropical zones have been hampered by the 
lack of appropriate markers such as microsatellites. 
For my PhD I studied the molecular ecology of the Kentish plover. This small 
cosmopolitan shorebird belongs to the Charadri suborder, exhibits a large diversity in 
morphology and behaviour between and within populations (Box 1, Figure 1). Previous 
studies that used anonymous minisatellite probes as genetic markers revealed that 
genetic diversity could influence mate choice and suggested that the genetic mating 
Photos by Clemens Küpper 
Figure  1. Adult and freshly hatched Kentish plovers of the subspecies nivosus in Ceuta, 
Mexico. During the breeding season adult plumages are sexually dimorphic: the males 
exhibiting dark breast, head and eye stripes (left) whereas the ornaments of females are less 
pronounced (middle). The precocial chicks become highly mobile within hours after 
hatching when they leave the nest scrape, and are led by one or both parents to the feeding 
grounds. 
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system is as diverse as the social mating system (Blomqvist et al. 2002, Küpper et al. 
2004). However, due to the limitations of the available minisatellite markers the 
importance of genetic diversity on individual fitness and genetic differences between 
populations could not be evaluated by these studies and I addressed these important 
questions during my PhD.  
 
 
 
 
 
 
 
 
 
 
 
 
Box 1. Natural history of Kentish plovers Charadrius alexandrinus 
The Kentish plover can be found in temperate to tropical zones of all continents (Johnsgard 
1981, Hayman et al. 1986, del Hoyo et al. 1996). It forms an allopatric superspecies with 
white-fronted plover C. marginatus and red-capped plover C. ruficapillus. Six subspecies 
are usually recognised, the three American subspecies C. a. nivosus, C. a. tenuirostris and 
C. a. occidentalis are often called ‘snowy plover’ and their plumage is paler than that of the 
Eurasian subspecies (Hayman et al. 1986). The three remaining subspecies are found in 
Eurasia; the most abundant subspecies C. a. alexandrinus stretching from the Atlantic 
Coast in Western Europe to the Pacific coast in Eastern China and Taiwan. The other two 
Eurasian subspecies C. a. seebohmi and C. a. dealbatus are found in India/Sri Lanka and 
Japan/North East Asia, respectively.  
Kentish plovers have a remarkably flexible breeding system that can include social and 
genetic polygyny, polyandry and monogamy within a single population (Lessells 1984, 
Warriner et al. 1986, Amat et al. 1999, Blomqvist et al. 2002, Székely et al. 2006). Both 
sexes have different plumages in the breeding season (Figure 1). As with other shorebirds, 
Kentish plovers produce small clutches with up to three eggs (Cramp & Simmons 1983). 
Both parents incubate the eggs, but soon after hatching one parent (usually the female) may 
desert the brood and attempts to remate. Several environmental factors that influence the 
breeding system have been identified. Biparental care is favoured when (i) competition for 
food is high (Kosztolányi et al. 2006) or (ii) both parents are needed to defend the young 
from predators (Amat et al. 1999). Conversely, uniparental care is favoured when 
environmental conditions are good, and one parent is enough to care for the young. The 
deserting parent often remates and can produce further offspring (Székely et al. 1999). 
Offspring survival can be easily quantified because Kentish plovers breed in open sparsely 
vegetated habitats. Offspring survival varies between populations and families. Male-
biased broods survived better than female-biased ones in a Turkish plover population 
(Székely et al. 2004). The female-biased juvenile mortality may lead to male biased adult 
sex ratios favouring female desertion and polyandry (Székely et al. 2004). Offspring 
survival usually declines over the breeding season when environmental conditions 
deteriorate (Székely & Cuthill 1999). 
Kentish plovers are protected by the Bern Convention. Populations have become 
increasingly fragmented with many of them declining. In North America the Pacific 
populations have been classified by the Federal Act of the US Fish and Wildlife Service as 
threatened and endangered.  This is because of a sharp decline in the pre-1990s that was 
probably caused by increased human pressures on their breeding sites (US Fish & Wildlife 
Service 2001, Ruhlen et al. 2003).
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Objectives 
My PhD had four main objectives: 
1. To develop new markers for the Kentish plover than can be used for estimating 
genetic diversity and relatedness of individuals and populations. At the start of my PhD 
only 20 microsatellite markers were available for shorebirds (van Treuren et al. 1999, 
Thuman et al. 2002, Buehler & Baker, unpublished results), and 32 markers for the 
entire Charadriiformes order. For Chapter II I developed microsatellite markers for the 
Kentish plover from unenriched and enriched microsatellite libraries at the Sheffield 
Molecular Genetic Facilities.  
2. To develop universal genetic markers that can be used to address problems in 
molecular ecology across many shorebird species. The availability of the first draft of 
an avian genome, the chicken Gallus gallus (International Chicken Genome Sequencing 
Consortium 2004) provided new possibilities to derive conserved genetic markers using 
genomic databases. In Chapter III I used the chicken sequence database and published 
sequences of Charadriiformes microsatellites in order to obtain microsatellite markers 
that are applicable to many Charadriiformes species.  
3. To investigate gene-flow, phylogeographic relationships and genetic diversities of 
Kentish plover populations. In Chapter IV I examine morphological and genetic 
population differentiation of different plover populations in America, Africa and 
Eurasia using my previously developed microsatellite markers and further 
mitochondrial markers. I evaluate the current taxonomy of the Kentish plover 
subspecies and investigate genetic variation within different plover populations.  
4. To identify genetic bases of variation in offspring survival in shorebird populations. 
Many environmental factors which influence offspring survival have already been 
identified in the Kentish plover (Box 1). However, whether there is also a genetic 
prevalence affecting offspring survival has not been investigated in shorebirds before. In 
Chapter V, I examine the associations between microsatellite heterozygosity and chick 
survival and discuss whether genomewide, local or direct effects describe best the 
observed heterozygosity-fitness associations. 
Finally, en route to tackle these fundamental issues in molecular ecology, I devoted 
some of my efforts to the study of breeding systems and the cooperation of Kentish 
plover parents to bring up their offspring (see Appendices I - IV). This work is timely, 
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because recent theoretical and empirical results are opening new research lines to 
investigate sexual selection and the evolution of cooperation and breeding systems (e. g. 
Arnqvist & Rowe 2005, Houston et al. 2005, Thomas et al. 2007).  
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Abstract 
Background: Microsatellite markers are popular genetic markers frequently used in 
forensic biology. Despite their popularity, the characterisation of polymorphic 
microsatellite loci and development of suitable markers takes considerable efforts. 
Newly available genomic databases make it feasible to identify conserved genetic 
markers. We examined the utility and characteristics of conserved microsatellite 
markers in Charadriiformes (plovers, sandpipers, gulls and auks). This order harbours 
many species with diverse breeding systems, life histories and extraordinary migration 
biology whose genetics warrant investigation. However research has been largely 
restrained by the limited availability of genetic markers. To examine the utility of 
conserved microsatellite loci as genetic markers we collated a database of 
Charadriiformes microsatellites, searched for homologs in the chicken genome and 
tested conserved markers for amplification and polymorphism in a range of 
Charadriiformes species.  
Results: Sixty-eight (42 %) of 161 Charadriiformes microsatellite loci were assigned to 
a single location on the chicken genome based on their E-value. Fifty-five primers 
designed from conserved microsatellite loci with an E-value of E–10 or lower amplified 
across a wider range of Charadriiformes species than a control group of primers from 
ten anonymous microsatellite loci. Twenty-three of 24 examined conserved markers 
were polymorphic, each in on average 3 of 12 species tested.  
Conclusion: Genomic sequence databases are useful tools to identify conserved genetic 
markers including those located in non-coding regions. By maximising primer sequence 
similarity between source species and database species markers can be further improved 
and provide additional markers to study the molecular ecology of populations from non-
model organisms. 
Background 
Microsatellites or short sequence repeats (SSRs) are relatively small 1-6 basepair (bp) 
tandem repeats that are found in the genomic DNA of pro- and eukaryotes. Although 
the majority of microsatellites are located in non-coding sequences [1,2] and considered 
to be selectively neutral, some microsatellite loci are located in functional regions and 
involved in chromatin organisation, regulation of gene activity and metabolic processes 
such as DNA replication and recombination [3]. Microsatellites exhibit high mutation 
rates of 10-2 to 10-6 per locus per generation [4]. The main mutational processes 
responsible for the variability in microsatellites are considered to be replication-slippage 
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and recombination [3]. Both processes change the length of the microsatellite by 
altering the number of repeats of the microsatellite. A number of microsatellite 
characteristics have been associated with differing microsatellite variability. Mutation 
rates of microsatellites have been found to be taxon-specific [4-6]. Microsatellite 
variability covaries with allozyme diversity of a taxon [7]. Repeat length can predict the 
variability and stability of a microsatellite with longer loci found to be more variable, 
but also more unstable than shorter ones [4,5,7-9]. The type of microsatellite motif may 
affect abundance and variability. For example it was found that microsatellites with tri- 
or hexanucleotide motifs are more frequent in coding than in non-coding regions, 
possibly because mutations of microsatellite in coding regions will not lead to 
deleterious frameshift mutations [1,2].  
 
The high variability and simple processing through polymerase chain reactions (PCRs) 
lead to the frequent application of microsatellite markers in studies on natural 
populations. However, one obstacle for the wider application of microsatellites is the 
difficulty in the development of a sufficient number of suitable markers for a given 
species. Although microsatellites are ubiquitous in eukaryotic organisms, their 
abundance varies across different groups [2]. Microsatellites are less common in birds 
compared to other vertebrates [7,10]. There are two principal strategies to obtain 
microsatellite markers. First, microsatellite markers can be developed by screening 
enriched or unenriched microsatellite libraries [11]. Success rates differ according to 
protocol and taxa, although usually a medium to high number of polymorphic markers 
can be isolated using this approach. Since microsatellites are at such a low frequency in 
birds their isolation is most efficient using enrichment protocols. This involves many 
stages, is a skilled and time consuming process and requires considerable economic 
funds and a well-equipped molecular laboratory which are not always available in 
ecological and conservation research.  
 
The second method makes use of existing microsatellite markers isolated in different 
species to the species of interest (target species). For cross-species amplification tests 
(“transferability” [9,12]) existing primers developed in related species are tested for 
amplification and polymorphism in the target species. One drawback of cross-species 
amplification is that success rates decline with evolutionary distance between the target 
species and source species [9,13-15]. In birds, the most microsatellite markers have 
been developed for orders Passeriformes and Galliformes. Passeriformes is a species-
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rich relatively recent clade [16] for which more than 550 microsatellite markers exist 
[17]. Several studies have successfully identified additional polymorphic loci by cross-
species testing in birds. Development of whole primer sets from cross-species 
amplification tests has been successful in Falconiformes [18], Galliformes [19-21] and 
Passeriformes [15,22-24]. However, in many other avian orders fewer microsatellite 
loci have been isolated and therefore the development of microsatellite markers by 
testing loci from other species is limited. 
 
Cross-species amplification success varies not only between taxonomic groups, but also 
among microsatellite loci. Although many markers fail to amplify even in closely 
related species, some markers have higher utility than others [9,13-15,25,26], DA 
Dawson, unpubl and BIRDMARKER webpage 
(http://www.shef.ac.uk/misc/groups/molecol/deborah-dawson-birdmarkers.html). A few 
loci, such as HrU2 [26], LEI160 [27], LOX1 [28] and Man13 [29] can be almost 
universally amplified across the avian taxonomy (HrU2 & LOX1: [9,13], LEI160, DA 
Dawson unpubl; Man13: DA Dawson and G Hinten, unpubl, see also BIRDMARKER 
webpage). This suggests that some loci are more conserved than others. Since the 
degree of microsatellite conservation is usually not known at the time of their isolation, 
identifying conserved primers usually involves extensive primer testing and only few 
conserved markers have been identified to date. 
 
The Charadriiformes order (sandpipers, plovers, gulls and auks) is an ancient 
monophyletic avian order of 365 species [30] that probably evolved around 79–102 
million years ago [31]. Recently the Charadriiformes have become the focus of a 
number of studies in evolutionary biology because they harbour many species with an 
unusual diversity in mating and parental care strategies, flight metabolism, migratory 
behaviour and sexual size dimorphism [32-36]. Appropriate genetic markers would help 
to increase the understanding of e.g. the evolution of breeding systems and the 
connectivity between populations, but markers are available for less than 15 
Charadriiformes species. Additionally, many shorebird populations are declining and 
genetic markers are needed to monitor and manage conservation effectively.  
 
In this study, we examine the potential of utilising the available published 
Charadriiformes microsatellite sequences and the sequenced chicken genome to 
identify conserved Charadriiformes-chicken microsatellite loci. Initially, we mapped 
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conserved Charadriiformes microsatellites on the chicken genome. Secondly, we 
explored their cross-species utility across members of the order Charadriiformes. One 
concern is that conserved microsatellite loci are located in functional genomic regions 
and exhibit low or no polymorphism. Therefore we compared cross-species 
polymorphism and heterozygosity levels across different Charadriiformes species. 
Third, we examined correlates of cross-species amplification success and polymorphism 
to predict the utility of other conserved microsatellite loci. 
Results 
Mapping 
Sixty-eight Charadriiformes microsatellite sequences were assigned to a location on the 
chicken genome based on sequence homology (with E-values ranging between E–6 to 
E–121). Two further sequences (BmaCCAT443 and BmaGATA464) hit to an unknown 
chicken homolog which had not yet been assigned to a chromosomal region. Sixty-four 
sequences were assigned to fourteen autosomal chicken chromosomes and four to the Z 
chromosome (Calex-26, BmaTATC353, Apy09 and Mopl3; Table 1, Figure 1). The 
mapping of loci assigned to the Z chromosome was validated by analysing the 
genotypes of birds with known sex (including males and females). A location on Z was 
supported if all females were homozygous whilst at least some males exhibited 
heterozygous genotypes. This was found in all markers assigned to the chicken Z 
chromosome: Calex-26 (based on 42 Kentish plovers [37]), BmaTATC353 (based on 
genotyping of 15 marbled murrelets, Z Peery, pers. communication), Mopl3 (126 
genotyped mountain plovers, SJ Oyler-McCance and J St. John, pers. communication) 
and Apy09 in whiskered auklet (24 genotyped whiskered auklet individuals, DA 
Dawson and FM Hunter, unpubl).  
 
The microsatellite motif of the Charadriiformes sequences was not always retained in 
chicken when we examined the microsatellite loci that were mapped to the chicken 
genome (" = 68). A comparison with the chicken genomic sequences revealed that the 
same microsatellite repeat motif was present in 32 (47 %), a different microsatellite 
motif was found in 10 sequences (15 %) whilst no microsatellite repeat motif was found 
in 26 (38 %) of the sequences (Table 1).  
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Cross-species amplification 
In total we tested 55 ‘standard primers’ (see Methods) from different conserved 
microsatellite sequences and 10 primers from anonymous microsatellite sequences. In 
both groups a similar proportion of microsatellite loci was isolated in each of the three 
test species representing the orders Charadri, Lari and Scolopaci (chicken-
Charadriiformes conserved loci: 13 of 55, anonymous loci: 3 of 10, χ² test: χ² = 0.0161, 
df = 1, P = 0.899). In 17 of 55 conserved sequences we obtained a specific product for 
all three species, whilst we didn’t obtain specific products for any of the anonymous 
sequences in all test species. When we compared the proportion of species in which a 
primer amplified, primers designed from conserved sequences outperformed primers 
designed from anonymous sequences significantly (Figure 2a, amplification success: 
medianconserved = 0.667, mediananonymous = 0.167, Wilcoxon rank sum test: " = 65 
(55/10), df   = 1, W = 469, P < 0.001).  
 
For 24 conserved sequences we designed a second consensus primer set with primer 
binding sites in the conserved regions of the flanks. Cross-species amplification rates 
were higher for consensus primers than standard primers for the same microsatellite 
sequence (Figure 2b, Wilcoxon matched pair test: " = 24, df   = 1, V = 96, P = 0.006). 
Amplification success increases when the annealing temperature is reduced [38]. Hence, 
the reason for the improvement of amplification could have been that consensus primer 
were designed and tested at lower annealing temperatures (consensus primers: 50–62 
°C, standard primers: 54–66 °C). However 19 out of 24 (83 %) consensus primers 
amplified best at annealing temperatures of 54 °C. Also, the difference in amplification 
success between consensus and standard primers remained significant (Wilcoxon 
matched pair test: " = 19, df  = 1, V = 41.5, P = 0.023) when only the 19 loci where 
both primers amplified in the maximum number of species at 54 °C and more were 
analysed.  
 
Twenty-three of 24 consensus primer pairs exhibited between one and three base-pair 
mismatches between chicken and Charadriiformes primer sequences. Each 
mismatching primer base was replaced by a suitable degenerated base which included 
both of the possible bases. The use of degenerated bases will dilute the effective 
concentration of the primer with the highest target affinity which could lead to higher 
amplification failure. However amplification success was not related to the number of 
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degenerated bases per primer pair (Kruskal Wallis test: " = 23 (6/12/5), df   = 2, χ² = 
1.1978, P = 0.549). 
 
The final model to identify correlates of amplification success contained a single 
explanatory variable (Table 2). Cross-species amplification success was significantly 
associated with the E-value of a given sequence among conserved sequences (Figure 3). 
E-values for primers that amplified in all tested species ranged from E–110 (Mopl18, 
Table 1) to E–21 (BmaTATC371). Standard primers from sequences with lower E-
values amplified in more Charadriiformes species than those with higher E-values 
(Generalised Linear Model (GLM) with binomial error structure: df  = 53, B = –0.02, t = 
–2.58, P = 0.013).  
Allelic variability and observed heterozygosity 
Twenty-three of 24 conserved microsatellite loci exhibited two or more alleles in on 
average 3 of the 13 species tested (Table 3, range 1 to 8 species per locus). There was 
considerable variation among species in regard to the number of polymorphic markers. 
Excluding the markers that had been isolated in the target species we found on average 
7 of 24 markers per species (range 0–11 polymorphic loci/species) to be polymorphic 
when tested in four unrelated individuals from the same population (Figure 4). None of 
the 23 markers included in polymorphism tests were sex-linked based on the 
distribution of alleles in known male and female birds (individuals were sexed using 
P2/P8 primers [39]) and based on their predicted chromosome location based on the 
chicken genome map (Figure 1). 
 
Allelic variability (the proportion of species in which a microsatellite was polymorphic) 
was significantly associated with three factors: i) microsatellite motif, ii) repeat length 
and iii) whether the microsatellite was interrupted or not (Table 2). Microsatellite loci 
with dinucleotide motifs were variable in more species than those consisting of 
tetranucleotides (GLM with quasibinomial errors: df = 19, B = –1, t = –2.15, P = 
0.045). Microsatellites with longer repeat regions were polymorphic in more species 
than those with shorter repeat regions (GLM with quasibinomial errors: df  = 19, B = 
0.02, t = 2.22, P = 0.039). Interruption of the microsatellite repeat regions marginally 
reduced the proportion of species in which a locus was polymorphic (GLM with 
quasibinomial errors: df  = 19, B = -1.02, t = –2.09, P = 0.051). Note that genetic 
distance between source and target species (based on ∆TmH DNA-DNA hybridisation 
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value taken from [40]) was not included in this model since the response variable in this 
model was the proportion of species in which a locus was found to have more than one 
allele.  
 
When we examined variability of primers in the larger sample of Kentish plover, 
whiskered auklet and ruff (Table 4) we found that average observed heterozygosities 
combined in all three test species was lower compared to observed heterozygosities of 
species in which a microsatellite had been originally isolated and characterised 
(Wilcoxon matched pair test: " = 23, V = 226, P < 0.001). Heterozygosity in all three 
test species declined with increasing genetic distance to the microsatellite source 
species, and the decline was highly significant in all three species combined (Figure 5, 
Generalised Linear Mixed Model [GLMM]: df = 33, B = –0.04, t = –7.59, P < 0.001). 
An alternative model excluding those loci that had been developed for the target species 
gave the same qualitative results (model not shown). 
Discussion 
We have shown that sequence information from annotated genomes can be used to 
identify and map conserved microsatellite loci that are located in both translated and 
non-translated regions. Our study has two major findings. Firstly, primers designed 
from conserved microsatellite loci amplify across a wider taxonomic range than those 
derived from anonymous microsatellite loci. Second, when highly conserved regions of 
the flanks of a microsatellite are used as the primer binding sites amplification success 
can be further improved.  
Correlates of cross-species amplification 
Amplification success was not associated with genetic distance between microsatellite 
source species and test species in this intraorder analysis of Charadriiformes 
microsatellite markers. The E-values obtained from blast searches served as a better 
predictor for the width of taxonomic range in which a microsatellite could be amplified.  
 
Using 1147 primers derived from conserved regions of the human genome Housley et 
al. [41] identified the number of primer mismatches and primer GC content as factors 
that predicted amplification success in mammals. In contrast to our study, Housley et al. 
investigated amplification success using generally conserved sequences in mammals 
and did not specifically use variable loci such as microsatellite loci. 
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Secondly, they aligned genomic sequences from humans with genomic sequences from 
dog, rat or mouse to perform intragroup-comparisons of amplification success whilst we 
used an outgroup taxon (chicken) for sequence alignments and comparisons. Thirdly, 
our sample size was much smaller than the one used for the intra-mammalian 
comparison due to the small number of Charadriiformes microsatellite loci available. 
The results of both studies are very similar despite the large differences in study design. 
Sequence conservation (represented by the E-value) was the main predictor for 
amplification success of a genetic marker. Most loci with an E-value lower than E–20 
amplified in all species tested suggesting that this could be a critical value indicating the 
utility of a marker for cross-species amplification within the order Charadriiformes. 
Consensus primer sets that had been designed to include the smallest number of 
mismatches between sequences amplified better than standard primers for which no 
action to counteract the presence of mismatches had been taken. Amplification success 
of consensus primers was generally very high across the three Charadriiformes 
suborders (Figure 2 B).  
 
The number of mismatches per primer pair did not affect amplification success among 
the consensus primers for a number of possible reasons. First, we restricted the 
sequence mismatches between chicken and Charadriiformes for consensus primer pairs 
to a maximum number of three. Second, we introduced degenerated bases to account for 
those mismatches. According to our primer design rules we attempted to minimise the 
number of mismatches and positioned mismatches away of the 3’ end for a given 
primer, although the position of the mismatch/degenerate base did not affect 
amplification success significantly (data not shown). Third, inclusion of degenerated 
bases might have led to amplification failure due to the lack of suitable primer. 
However we did not observe such failures, probably because the primer concentration in 
our tests was relatively high (1µM, see Methods). Thus the amplification results of our 
consensus primers should not be used to cast doubts on the importance of high primer 
sequence similarity for amplification success. 
 
Primmer et al. [13] proposed that the proportion of microsatellite loci that can be 
amplified declines with increasing genetic distance between source and target species. 
Our results suggest that the slope of the amplification decline is predominantly locus 
specific and will largely depend on the conservation of the flanking sequences 
surrounding the microsatellite repeat. Hence microsatellite loci with highly conserved 
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flanks can be amplified in more distantly related species whilst those with non-
conserved flanks may be useful only in a very narrow taxonomic group.  
Polymorphism 
Polymorphism rates of conserved loci varied greatly between species. The proportion of 
species in which a microsatellite exhibited one or more alleles was associated with 
microsatellite repeat length, motif and whether it was interrupted or not. Our results are 
consistent with previous theoretical and empirical studies that examined the effect of 
these microsatellite properties on mutation rate [4-6,8] and polymorphism [7,9]. A 
positive association between repeat length and polymorphism was found empirically in 
other vertebrates, arthropods and plants [4,7-9]. Dinucleotide microsatellite loci 
exhibited higher mutation rates than tetranucleotide microsatellite in mice and yeast [5]. 
In humans and chimpanzees, microsatellite loci with interrupted repeat regions had a 
two-fold decrease in the mutation rate which was interpreted that interruptions could 
reduce the opportunities for replication slippage [6]. 
 
Although we showed that amplification success of existing microsatellite markers can 
be improved by redesigning primer sets, heterozygosity rates were lower in test than in 
source species. Polymorphism declines faster with evolutionary distance than 
amplification success [14]. A possible explanation is that polymorphism of many loci 
evolved in the recent evolutionary past and therefore is confined to a relatively narrow 
phylogenetic taxon. This argument is supported by findings of other studies in 
amphibians, birds and mammals [9,14] which show that polymorphism rates drop fast 
with increasing evolutionary distance between source and target species. However the 
steepness of the decline appears to be locus specific. There was large variation in the 
width of the taxonomic region for which a given microsatellite was polymorphic. For 
instance the locus BmaTGAA523 was polymorphic in only two of twelve species when 
tested in four unrelated individuals, whilst another locus, BmaTATC371 isolated in the 
same species and with a similar repeat length, was polymorphic in seven of twelve 
species tested. Of the 24 Charadriiformes microsatellite markers we tested, a median of 
7 markers were polymorphic per species (12 Charadriiformes species tested). Five and 
more polymorphic markers were found in five of the six test species where previously 
no microsatellite markers had been identified. For another six species where markers 
had already been characterised we found between three and 11 new polymorphic 
markers. The number of species in which these 23 markers are useful is likely to 
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increase because we tested them only in 12 out of 365 Charadriiformes species. Finally, 
we assessed the variability of markers only within a single population to make the level 
of polymorphism comparable to the polymorphism in the source population. Some 
markers that we found to be monomorphic may exhibit population specific 
polymorphism or have different alleles fixed in different populations and turn out to be 
useful to investigate population differentiation. 
 
The observed decline of polymorphism in relation to the genetic distance to the source 
species could be partly explained by the selection process during the isolation of 
microsatellite sequences (‘ascertainment bias hypothesis’, [7,42]). During the 
construction of microsatellite libraries typically long microsatellite sequences with 10–
30 repeat units are selected to maximise the probability that a locus is polymorphic in 
the species in which it is developed. Moreover only the sequences of the polymorphic 
loci are normally submitted to sequence databases which means that monomorphic loci 
with fewer repeat units in the source species are lost because they are not reported. 
However repeat expansion and microsatellite polymorphism are likely to be a result of 
the recent phylogenetic history. Therefore submitting the sequences of monomorphic 
loci to genomic databases should lead to identification of more conserved markers and 
the development of useful markers through cross-species amplification. 
 
Differences in the degree of microsatellite polymorphism among species are not 
exclusively attributable to recent divergence in microsatellite evolution. Genetic 
diversity, which is often reflected by microsatellite polymorphism varies among 
populations and species. Low microsatellite polymorphism can indicate depleted 
genetic variability due to bottlenecks, genetic drift or inbreeding. If genetic diversity for 
a given population is low, a combination of screening of hundreds of microsatellite loci 
and the development of microsatellite markers using the conventional library approach 
may be needed to find a suitable set of polymorphic markers.  
 
Only a handful of shorebird populations have been investigated for genetic diversity. 
Low genetic variability of allozymes and mitochondrial control region has been found 
in several species of sandpipers that breed in the high arctic and it has been 
hypothesized that historical population fluctuations that occurred during and after 
glaciations are responsible for this low genetic diversity [43]. In our study the greater 
sheathbill showed the least genetic diversity being monomorphic at all 23 microsatellite 
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loci that we examined (Table 3). Greater sheathbills breed exclusively in the Antarctic, 
where they live as scavengers close to other bird colonies. Current population estimates 
give a stable total number of approximately 20,000 sheathbills [44], but past climate 
fluctuations may have lead to a small effective population size similar to those of arctic 
breeders. Thus the low observed microsatellite diversity might reflect a recent recovery. 
Alternatively, the evolutionary distance between sheathbills and the source species from 
which we derived the tested microsatellites is too large with all polymorphism being 
depleted. Different genetic markers such as markers from the mitochondrial control 
region, other microsatellite markers or highly variable nuclear genes such as genes of 
the major histocompatibility complex need to be examined to answer whether the low 
microsatellite variability truly reflects general low genetic diversity in sheathbills.  
 
Contrary to sheathbills, whiskered auklets and Kentish plovers showed the highest 
genetic diversity in our analysis. In Kentish plover and whiskered auklet, twelve of the 
23 microsatellite loci tested were found to be polymorphic when tested in four 
individuals. Excluding the markers which had been isolated in both species this lead to 
ten (Kentish plover) and eleven (whiskered auklet) newly described polymorphic 
markers. Both species live in very different habitats and geographic locations. 
Whiskered auklets are pelagic feeders that inhabit a number of small islands in the 
Northern pacific, whilst Kentish plovers are cosmopolitans and found at beaches and 
saline lakes in temperate and subtropic regions [45]. The high genetic diversity in both 
species is reflected in high levels of observed heterozygosities at microsatellite loci that 
had been isolated in these species by cross-species amplification (this study) and when 
loci were isolated from an enriched genomic library [14,37]. High variability of many 
microsatellite loci in these species suggests that depletion of genetic variation is not a 
general characteristic of Charadriiformes order, but rather an attribute of certain species 
or populations due to their historic demography and phylogeography.  
 
The possibilities for the application of conserved markers go beyond examining genetic 
diversity. Polymorphic conserved markers can be used, for example, to investigate 
chromosomal organisation by constructing linkage maps [46,47]. A major advantage of 
conserved over conventional markers is that the same makers can be used to investigate 
and so compare chromosomal structure and genomic organisation between several 
different species [17,48].  
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Preservation of flanking regions is often caused through a direct functional role or 
linkage disequilibrium with functional genomic regions (e.g. fitness relevant genes, 
[49]). Selection pressures may affect variability of a locus by either restricting 
polymorphism [1,2] or promoting polymorphism if variability is adaptive [50]. This can 
be problematic for applications of genetic markers that rely on neutrality. However, for 
common applications such as parentage assignment or estimating relatedness such 
markers will be useful. Furthermore, if a marker is found to be associated with a locus 
that is under selection, its function can be explored and changes or retention of 
functionality can be compared under different environmental conditions, across 
different populations and/or taxa. 
 
The conserved markers we designed and characterised can be most conveniently 
handled in the laboratory. All polymorphic primers amplify at similar PCR conditions 
(Ta 54–55 °C, 2.0 µM MgCl2 concentration) which may facilitate i) quick and economic 
screening for amplification and polymorphism in new target species and ii) efficient 
processing since several loci can be run together in a single multiplex PCR. 
Dealing with null alleles 
Five of the 24 primer sets which were tested for heterozygosity had high null allele 
frequency estimates (≥ 0.1, CERVUS 2.0) in one of the three test species (Kentish 
plover, whiskered auklet and ruff). Subsequent analyses showed that these loci were not 
in Hardy-Weinberg equilibrium (Table 4). There was no obvious relationship between 
the failure to comply to Hardy-Weinberg equilibrium and the number or position of 
degenerated bases in each primer pair. Null alleles arise if the primer sequence does not 
match the target sequence of a given allele and the allele therefore fails to amplify. If 
not corrected for, presence of null alleles may interfere with algorithms to estimate 
relatedness [51]. Sequencing the locus in the study species and redesign of primers 
would prevent the occurrence of null alleles. The effect of null alleles may also be 
reduced computationally. If the proportion of null allele is low their impact on 
relatedness estimates can be reduced by using maximum likelihood correction methods 
when computing relatedness relationships [52]. 
Development of conserved markers in other avian groups 
Charadriiformes, chicken and most other modern birds belong to the avian group of the 
Neognathae. Recent molecular data suggest that the chicken group of Galliformes 
together with Anseriformes form a sister taxon to the other Neognath birds [53] and 
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therefore have the same phylogenetic distance to all Neognathae. Flanking regions of 
about one in seven Charadriiformes microsatellite loci were found to be conserved in 
chicken. Since the proportion of microsatellite homologs is likely to be associated with 
the phylogenetic distance between genomic resource species and source species, we 
expect a similar proportion of conserved microsatellite loci to be found between chicken 
and other Neognath groups to that which we found between chicken and 
Charadriiformes. In fact, for taxa that are closer related to chicken (e.g. Anseriformes) 
we predict an even higher success rate of identifying suitable microsatellite markers 
through data mining.  
 
Genomic sequences of further organisms will facilitate the use of already characterised 
microsatellite loci for identification of microsatellites with suitable flanks for the 
development of consensus primer sets. In birds, the sequencing of the genome from 
another Neognath bird the zebra finch (Taeniopygia guttata) is close to completion 
(expected autumn 2008). Zebra finches are phylogenetically closer to Charadriiformes 
and other Neognath birds than are chicken, hence more microsatellite homologs and 
conserved markers might be obtained using zebra finch sequences as a reference. 
Conclusion  
We have shown that sequence information available from genomic databases can be 
used to enhance the utility of microsatellite markers for studies of evolution and 
conservation, even for taxonomic groups where little sequence data is available. 
Sequence information of translated and untranslated parts of the genome are useful for 
comparing and designing consensus primers even when they involve genetically distant 
relatives such as Charadriiformes and Galliformes species. Cross-species amplification 
tests can be carried out more efficiently by identifying and utilising conserved 
microsatellite loci that will amplify across a broader taxonomic range. By selecting 
highly conserved regions of the microsatellite flanking sequence for primer design the 
number of species in which a locus will amplify can be increased even further. Markers 
derived from conserved loci with an E-value of E–20 or lower amplified across the 
entire order. Our findings will facilitate marker use for species where no markers have 
been identified yet and for species where more markers are needed. To date, 21 
vertebrate and 20 invertebrate genomes have been sequenced and fully assembled 
(source: www.genome.ucsc.edu, May 2008). This number is expected to increase 
rapidly with decreasing sequencing costs and the application of new more efficient 
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sequencing techniques. The methodology we have outlined will make it possible to 
extend population genetic and evolutionary studies to other non-model species that have 
been previously neglected because the lack of sufficient genetic markers. 
Methods 
Blast search 
We searched for available nuclear microsatellite sequences isolated in Charadriiformes 
species that were deposited before 15th of July 2006 in the nucleotide sequence 
databases of GenBank, DNA data bank of Japan, and European Molecular Biology 
Laboratory (EMBL) through the EMBL web portal (http://www.ebi.ac.uk/ebisearch/) 
using the key words “Charadriiformes microsatellite” and “Charadri* microsat*”. 
Additionally for one species (oystercatcher Haematopus ostralegus) eight microsatellite 
primers of polymorphic loci had been published [54] but the microsatellite sequences 
were not found in the EMBL database. In this case the authors (R. van Treuren et al.) 
generously provided the sequences of the eight polymorphic and 29 further unpublished 
monomorphic oystercatcher microsatellite loci which were then submitted to EMBL in 
agreement with the authors (accession numbers: AM600643-AM600679). 
 
Only microsatellite sequences that were polymorphic in the source species and had 
sufficient flanking sequence for primer design were considered (i. e. a minimum of 30 
bp of flanking sequence on either side of the repeat motif). In total we found 163 
suitable microsatellite sequences (Supplementary material). All sequences were checked 
for duplicates using the MegaBLAST program available from the National Center for 
Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/BLAST/ 
[55]). Four pairs of homologs were found (K32/LarsZAP26, K56/LarsZAP19, 
LarsNX24/Rbg27 and LarsZAP11/Rbg29). LarsZAP26 and K32 were identical 
duplicates and the primer set was designed from K32. For the remaining duplicates the 
shorter sequence of each pair was dropped from the analysis (LarsZAP19, LarsNX24, 
LarsZAP11).  
 
We identified homologous Charadriiformes microsatellite loci in the chicken Gallus 
gallus as follows. Unique Charadriiformes microsatellite sequences were compared 
against the chicken genome database v2.1 (WASHUC 1, Version e! 41, available at 
http://www.ensembl.org/Gallus_gallus/) using a WU-BLAST (Gish W. 1996 – 2004; 
http://blast.wustl.edu) implemented in the Ensembl browser with the “genomic 
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sequence (masked)” and “distant homologies” settings. The E-value was used as a 
measure of Charadriiformes-chicken homology. It is mainly characterised by sequence 
length of the query sequence and its similarity to the homolog in the database. In 
absence of duplications and gene orthologues lower E-values represent higher 
probability of sequence homology. All sequences from which both flanking regions had 
hit the chicken genome with E-values lower than E–10 were classified as conserved 
sequence homologs. Microsatellite sequences with only one flank hitting were not 
considered. In total we identified 55 Charadriiformes microsatellite sequences with 
homologs present in chicken genome with an E-value of ≤ E–10 and both flanks hitting 
to the same location (Supplementary material).  
Mapping of Charadriiformes microsatellite sequences on the chicken 
genome  
We adapted the Blast methods from [48] to map the Charadriiformes sequences to the 
chicken genome: 
i) all sequences hitting with either both flanks at an E-value ≤ E–5, 
ii) all sequences that hit with one flank at an E-value ≤ E–10 (cf [48]: E–5), 
iii) sequences that hit several times at different locations in the genome were 
mapped only if the E-value of the best blast hit (lowest E-value) was higher by 
≥E–5 than the next blast hit (cf [48]: E–10).  
 
In total 68 Charadriiformes microsatellite sequences were mapped on the chicken 
genome (Figure 1) using the programme MAPCHART [56]. The recorded locations of 
centromere are based on the regions of highest GC content on the chromosome 
(following [17]; data obtained from the NCBIs Gallus gallus Build 2.1: 
http://www.ncbi.nlm.nih.gov/genome/guide/chicken/index.html) 
Cross-species amplification rates of conserved and anonymous 
microsatellites 
To examine whether cross-species amplification was affected by presence or absence of 
a chicken homolog for a given sequence we designed new primer sets (‘standard 
primers’) for a total of 65 loci using PRIMER3 [57]. We did not use already published 
primers developed in different laboratories because primer design methods can be very 
heterogeneous between different laboratories and this may have compromised our 
results [9]. We randomly selected ten microsatellite loci that had hits with an E-value of 
E–10 or higher of only one flank (anonymous sequences, Table 1) and compared 
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amplification success with the success of conserved chicken-Charadriiformes loci in 
which both flanks hit at the same location in the chicken genome with an E-value of E-
05 or lower. For the design of standard primers, we used default options of PRIMER3 
with the following adaptations:  
 
i) the melting temperature (Tm) between 50 and 65 °C, with 62 °C as the 
preferred Tm,  
ii) Tm difference between forward and reverse primer < 0.5 °C,  
iii) we manually checked for even distribution of all four nucleotide bases,  
iv) a primer GC content of 20 – 60 %, 
v) a product size between 70 and 450 bp. 
 
The reverse primers of seven of the eleven Kentish plover Charadrius alexandrinus and 
two of the five whiskered auklet Aethia pygmaea loci were ordered with “GTTTCTT”- 
‘pigtails’ to reduce stutter bands [58]. The forward primer of each pair was labelled with 
a fluorescent label, either FAM or HEX. 
 
Following [40,59] we recognise three major Charadriiformes lineages: Lari, Scolopaci 
and Charadri. All primers were tested for amplification success in one candidate 
species from each Charadriiformes lineage: whiskered auklet (for suborder Lari), ruff 
Philomachus pugnax (suborder Scolopaci) and Kentish plover (suborder Charadri). The 
suborders are separated by a genetic distance of 15.6 Charadri/Lari - Scolopaci and 
12.8 Charadri - Scolopaci (∆TmH DNA-DNA hybridisation value [40]). All primer 
sequences are provided as supplementary table (Supplementary material). 
 
DNA was extracted from blood samples that were stored either in Queen’s lysis buffer 
[60] or absolute ethanol. One of three extraction methods was used; an ammonium 
acetate method [61], a sodium acetate method [62] or an adapted phenol-chloroform 
method [63]. All samples were visualised on a 0.8 % agarose gel stained with 
SYBRsafe (Invitrogen) to check for DNA quality. DNA concentration was estimated by 
measuring the optical density of a sample at 260 nm using a fluorimeter. Each sample 
was checked for amplification prior to tests using the LEI160 primer set [27], a marker 
that amplifies across all of approximately 100 various bird species tested to date (DA 
Dawson, unpubl).  
 
34
  
Each 10-µl PCR contained approximately 10 ng of DNA and 0.25 units of Taq DNA 
polymerase (Bioline) in the manufacturer’s buffer with a concentration of 1.0 µM of 
each primer, 2.0 µM MgCl2 and 0.20 mM of each dNTP. Loci were amplified by PCR 
using a thermal cycler (MJ Research model PTC DNA engine) and the following 
program: one cycle of 3 min at 94 °C followed by 35 cycles at 94 °C for 30 s, annealing 
temperature (temperature gradient from 54 – 66 °C) for 30 s, 72 °C for 30 s and a final 
extension cycle of 10 min at 72 °C. PCR products were visualized on 2 % agarose gel 
stained with SYBRsafe (Invitrogen) to check for amplification success. Amplification 
success was a binary variable, which we defined as ‘successful’ if a single clean band 
could be visualised on the gel, multiple band patterns and no products were recorded as 
‘failed’. 
Cross-species amplification rates of consensus and standard primers 
In addition to the standard primers, we designed a second pair of consensus primers 
with a minimum number of mismatches between chicken and shorebird sequences. 
Within microsatellite flanks the degree of sequence similarity varied. Some regions had 
fewer mismatches between chicken and shorebirds than others. To identify conserved 
flank regions we aligned shorebird and chicken microsatellite sequences for 33 
sequences with an E-value of E-19 or lower using CLUSTAL W algorithm [64] with 
the default options implemented in MEGA 3.1 software [65]. For 24 Charadriiformes 
microsatellite loci we were able to design consensus primers with a maximum of three 
base mismatches per primer pair (sequences are provided in Supplementary material). 
Only one of the 24 consensus primer sets had a perfect match between the 
Charadriiformes and chicken sequence. Therefore we introduced binary degenerated 
bases into the primer sequence at mismatch positions which provided a consensus for 
both sequences. If degenerated bases were introduced and several suggested primer 
candidates had the minimal number of three or less base mismatches, we chose the 
candidate which had base mismatches closer to the primer’s 5’ end. If a ‘pigtail’ had 
been added to the reverse primer of the standard primer set for a locus, the same 
‘pigtail’ was also added to the corresponding reverse primer of the consensus primer 
pair. 
 
To obtain consensus primers we had to relax the conditions used for primer design (see 
above). Tm’s of consensus primers were lower than those of the standard primer sets. 
Therefore we tested all 24 consensus primers using a lower annealing temperature 
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gradient (50–62 °C). All other PCR conditions were kept the same as used with standard 
primer PCR amplifications. Consensus primers derived from a Charadriiformes-chicken 
alignment are labelled with the prefix “Gga-” (for Gallus gallus). 
Allelic variability and observed heterozygosities 
Twenty-three of 27 loci that amplified successfully in all three species were assessed for 
their levels of heterozygosity and allelic variability (Tables 3 & 4). Primer sets of four 
loci were dropped. Primers for BmaTATC353 and BmaGACA456 had yielded in single 
amplified products when examined on an agarose gel, however when we examined 
polymorphism on the ABI3730 DNA Analyzer genotypes contained multiple peaks and 
the loci could not be reliably scored. Loci K16 and Calex-08 were found to be expressed 
sequence tag (EST) loci. EST loci were not included in the present study. Microsatellite 
markers have been previously obtained from EST databases [66,67] and their cross-
species utility is described elsewhere [68] and DA Dawson, in preparation. 
 
To characterise correlates of polymorphism we investigated two different measures. 
Allelic variability was the proportion of species in which we found two or more alleles 
for a given microsatellite locus tested in four presumably unrelated individuals for 
twelve species. Polymorphism tests were carried out only with a single primer pair 
(consensus or standard) for any given locus. If both, consensus and standard primers 
had amplified across all three test species we chose the set that produced the cleanest 
product. PCRs were performed with the same conditions as described for amplification, 
with the difference that the annealing temperature was a common temperature where the 
primer set had amplified in all three species. A fraction of the PCR product was loaded 
on an ABI 3730 Analyzer using dye set DS-30, filter set D and ROX size standard for 
allele size determination and the resulting genotypes were scored using GENEMAPPER 
3.7 software. The twelve test species were chosen from different Charadriiformes 
branches to ensure phylogenetic independence (Kentish plover, whiskered auklet, ruff, 
collared pratincole (Glareola pratincola), brown skua (Catharacta lonnbergi), gull-
billed tern (Gelochelidon nilotica), red-necked phalarope (Phalaropus lobatus), great 
snipe (Gallinago media), dunlin (Calidris alpina), oystercatcher (Haematopus 
ostralegus), avocet (Recurvirostra avosetta), greater sheathbill (Chionis alba)). 
 
The second variable for polymorphism, observed heterozygosity, was determined in 
whiskered auklet, ruff and Kentish plover. Here we tested primers in a total of 16 
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individuals per species. Beside observed heterozygosity (Ho) we calculated expected 
heterozygosity (He) and estimated null allele frequency using the program CERVUS 
v2.0 [69]. We performed tests for linkage equilibrium and compliance to Hardy 
Weinberg equilibrium using the program GENEPOP v3.3 [70]. 
Statistical analysis 
Non-parametric tests were used to test whether locus conservation and primer design 
affected amplification success, allelic variability and observed heterozygosity.  
 
To examine correlates of amplification success and polymorphism we designed several 
statistical models. Amplification success was a proportional response variable which 
could take the value 0/3 (no amplification in any species), 1/3 (amplification successful 
in one species), 2/3 (amplification successful in two species) and 3/3 (amplification 
successful in all three species). Associations of amplification success was examined 
statistically incorporating explanatory variables of the following three categories: i) 
characteristics of  the microsatellite locus (repeat length; whether a microsatellite was 
interrupted or not; the type of the microsatellite motif, i.e. whether the repeated base 
unit was a di- or tetranucleotide; observed heterozygosity in species of isolation; and 
∆TmH DNA-DNA hybridisation value between source species and target species as a 
measure for genetic distance [40]), ii) characteristics of the homologous sequence in 
chicken (single hit or hitting at multiple locations, microsatellite retained or absent) and, 
iii) properties of the standard primers (number of mismatches between chicken and 
Charadriiformes sequence). For each locus only the amplification results of standard 
primers went into the analysis.  
 
The response variables for polymorphism, allelic variability and observed 
heterozygosity were tested with the same explanatory variables as amplification success 
with the following deviation: the explanatory variable ‘∆TmH DNA-DNA hybridisation 
value’ was dropped for the analysis of allelic variability since we tested for 
polymorphism over a range of species. 
 
To find correlates for amplification and allelic variability we constructed two GLMs 
with appropriate error structure including all explanatory variables and two-way 
interactions. GLMs were then simplified based on Akaike information criterion (AIC, 
[71,72]). Model simplification was performed in rounds, removing the highest non-
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significant parameter at the beginning of each round until the minimal AIC value was 
reached. The final models contained only explanatory variables with P-values smaller 
than 0.1. Each microsatellite locus was considered as unit of analysis.  
 
For observed heterozygosity we used a Mixed effect model (GLMM) with the same 
explanatory variables as for amplification success (see above) acting as fixed effects. 
Target species and microsatellite locus were included into the model as nested random 
effects (target species | locus (target species)). GLMMs were simplified by removing 
non-significant parameters hierarchically starting with high-order terms to minimise 
model deviance. Model simplification was continued until the current and predecessor 
model deviated significantly from each other examined by a F-test. The final models 
contained only explanatory variables with P-values smaller than 0.1. 
 
Statistical analyses were carried out using R software version 2.4.1 [73]. All presented 
tests are two-tailed. 
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Figure 1. Chromosome map of the chicken displaying the genomic locations of 68 
conserved microsatellite homologs that were isolated in different Charadriiformes 
species. If the microsatellite motif was found to be retained in the chicken homolog the 
locus name is underlined. Microsatellite loci examined for polymorphism are marked by 
a star. Shaded loci represent the microsatellite loci that could be amplified in Lari, 
Charadri and Scolopaci with either standard or consensus primers. For loci shown in 
italics only one of the flanks (forward or reverse) was assigned to the map. Centromere 
locations that could be deduced by high GC content on the chicken map following [17] 
are highlighted in blue. Z location for the four microsatellite markers was confirmed by 
hemizygous segregation of genotypes in females for Apy09, BmaTATC353, Mopl3 and 
Calex-26. 
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Figure 2. Amplification success for conserved microsatellite loci and primer sets 
across the major Charadriiformes lineages. Conserved microsatellite loci refer to the 
loci for which both flanking regions could be located to a homolog in the chicken 
genome. Anonymous sequences lacked matching flanks. Each Charadriiformes lineage 
was represented by one species: Kentish plover for Charadri, whiskered auklet for Lari 
and ruff for Scolopaci. (a) Amplification success for standard primers derived from both 
conserved microsatellite loci and anonymous microsatellite loci. (b) Amplification 
success of consensus and standard primers for conserved loci in which both primers 
were designed. Consensus primers were designed after alignment of chicken and 
Charadriiformes sequence and placed into highly preserved flanking regions between 
chicken and shorebird. Standard primers were designed using the shorebird sequence 
only without comparison to the chicken sequence homolog. Numbers in the bottom 
refer to (a) the number of microsatellite loci and (b) the number of primers that were 
tested in each group. 
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Figure 3. Amplification success of conserved microsatellite loci in three 
Charadriiformes-species Kentish plover, whiskered auklet and ruff in relation to 
the E-value of the chicken-Charadriiformes hit. Loci with both flanks matching the 
chicken sequence at the same chromosomal region of the chicken are considered. 
Smaller E-values indicate higher probability of identity. Open circles stand for a single 
microsatellite locus. The line represents predicted values derived from the statistical 
model (see text). 
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Figure 4. &umber of newly derived polymorphic microsatellite markers for 12 
Charadriiformes species when tested in four unrelated individuals. In total 24 
conserved Charadriiformes microsatellite markers were tested. Data are only included if 
test and source species of the microsatellite marker were different. 
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Figure 5. Observed heterozygosity in relation to ∆TmH D&A-D&A hybridisation 
distance between source and test species for 23 Charadriiformes microsatellite loci. 
Size of circles is proportional to the number of data points at a given location. The trend 
line was drawn using predicted values from Generalised Linear Models for each of the 
three species separately and from predicted values from a Mixed effect model for all 
species combined including species and locus as hierarchical random factors. 
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Chapter VI 
 
Conclusions 
164
My PhD results have important implications for understanding evolutionary biology, 
systematics, conservation biology and population genetics of shorebirds. Specifically,  
• I provided powerful sets of microsatellite markers for several shorebird species 
(Chapters II and III). I showed that genomic resources of model organisms can 
help to improve molecular markers and make them applicable to a large range of 
non-model organisms (Chapter III). 
• I demonstrated that the degree of conservation of genomic regions in which 
markers are located is important for marker utility. The results of marker 
development support the proposition that the utility of molecular makers 
depends on the genetic diversity of populations.  In Eurasian Kentish plovers 
most markers were polymorphic, and the large number of alleles and high levels 
of heterozygosity at most loci suggest that populations are unusually genetically 
diverse (Chapters II-V). However, I also showed that different plover 
populations vary in their genetic diversity and high/low variability at nuclear 
markers is mirrored by high/low variability at mitochondrial markers (Chapter 
IV). Therefore, low genetic diversity should be seen as feature of the recent 
phylogenetic history of populations, but not as a general feature of shorebirds. 
• Using mitochondrial and microsatellite markers I investigated the phylogenetic 
relationships between populations of Kentish plovers, snowy plovers and white-
fronted plovers. My major conclusion is that the present shorebird phylogeny, 
which is largely based on morphological characteristics, has serious 
shortcomings (Chapter IV). Some species are not monophyletic and careful 
phylogeographic analyses need to be conducted to resolve the interpopulation 
relationships. The current taxonomic status of the Kentish plover needs to be 
revised, and the American populations (‘snowy plovers’) should be recognised 
as a separate species. 
• Finally, I showed that offspring survival of Kentish plovers is influenced by 
their genetics since there are beneficial and detrimental allele combinations 
(Chapter V). Heterozygosity-fitness correlations between microsatellite markers 
and chick survival suggest that there is no genomewide beneficial effect of 
heterozygosity on fitness. Survival patterns associated with different loci show 
that both overdominance (heterozygosity is beneficial) and underdominance 
(heterozygosity is harmful) may strongly influence survival during juvenile 
development. 
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The phylogeography of all three North American snowy plover subspecies has been 
recently investigated. Using a subset of the microsatellite markers described in Chapter 
II, Funk et al. (2007) found evidence for genetic differentiation between the subspecies. 
However, there was a striking lack of population differentiation between isolated 
population fragments within each subspecies similar to my findings for populations 
within the C. a. alexandrinus subspecies (Chapter IV). The observed genetic diversity in 
all three American subspecies was low in comparison to the diversity harboured in 
nominate subspecies alexandrinus. This suggests that different conservation measures 
need to be considered for the conservation management of American and Eurasian 
plover populations.  
Recent molecular ecological studies of two other shorebird species, dunlin Calidris 
alpina and great snipe Gallinago media revealed further interesting messages for 
conservation. First, in dunlins three of 11 named subspecies have been defined 
according to differences in morphological and behavioural traits such as bill length, 
wing length, plumage, time of breeding and migration direction (C. a. alpina, C. a. 
arctica, C. a. schinzii, Soikkeli 1966, Cramp & Simmons 1983, del Hoyo et al. 1996). 
However, the three subspecies share mitochondrial haplotypes and microsatellite alleles 
and their genetics reveal a clinal differentiation with the frequencies of mitochondrial 
haplotypes and microsatellites alleles changing gradually over large geographic 
distances (Marthinsen et al. 2007). This provides new challenges in defining 
conservation management units in dunlins since the Baltic Sea populations (part of the 
subspecies schinzii) are severely declining, but schinzii dunlins are genetically very 
similar to alpina dunlins whose populations are less threatened. Second, in the great 
snipe that breeds in Northern Europe no population differentiation between Eastern and 
Western demes was found using putatively neutral markers such as microsatellites. 
However, markers derived from major histocompatibility complex genes that are likely 
to be under selection revealed differentiation between eastern and western populations. 
These patterns could not be explained by isolation by distance alone, but suggest local 
adaptations to different parasite challenges (Ekblom et al. 2007). The case of the great 
snipe highlights a problem for conservation genetics; appropriate management practice 
using conservation genetics must be based on a variety of different genetic markers, 
however, funding (and appropriate genetic markers) are often severly limited. 
The results of my analysis on marker based heterozygosity and fitness are in the line 
with recent studies that suggest that heterozygosity-fitness correlations may reflect a 
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role of certain genomic regions with which the marker is linked (local effect) rather than 
an effect of the microsatellite itself (direct effect). However, functional studies are 
needed to discriminate between these two hypotheses. The observed antagonistic effects 
of underdominance and overdominance at different microsatellite loci provide one 
reason why positive genomewide heterozygosity-fitness correlations are absent or weak 
and why marker based estimates of inbreeding coefficients often fail to explain 
inbreeding depression (Slate et al. 2004, Markert et al. 2004, Pemberton et al. 2004). It 
also shows that offspring survival does not depend on environmental conditions and 
parental care alone, but intrinsic factors of the precocial chicks may also influence 
survival until fledging.   
Future directions 
The PhD projects have generated a number of interesting questions that should be 
addressed by future research. Three research lines appear to be the most promising. 
1. Phylogeography of a cosmopolitan shorebird – the colonisation of the Americas  
Kentish/snowy plovers are unusual among shorebirds in that they have a wide 
geographic distribution in Europe, North Africa, Central and East Asia, and the 
Americas. Snowy plovers are not only genetically different, but they also exhibit much 
lower genetic variation than the Eurasian nominal subspecies C. alexandrinus 
alexandrinus (Funk et al. 2007, Chapter IV). There may be two reasons for the low 
genetic variation in snowy plovers. First, snowy plovers went through a bottleneck 
during recent glaciations when the population was forced into small refugia (Wenink et 
al. 1994, Baker 2006). Second, a small number of Kentish plovers colonized the 
American continent from Europe, North Africa or Asia, and descendants of these 
founders spread across North, Central and South America. These hypotheses can be 
tested by sampling Pacific and Atlantic populations from Eurasia and Africa and 
retracting possible colonisation routes by comparing allele frequencies of potential 
source populations with the frequencies present in American populations.  
2. Phylogeography of Kentish plover superspecies  
The phylogeographic approach can be extended to additional plover populations using 
the same molecular markers. Kentish plover, snowy plover, white-fronted plover C. 
marginatus, red-capped plover C. ruficapillus and Javan plover C. javanicus form an 
allopatric superspecies complex. The populations of the current species C. alexandrinus 
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differ strikingly in their genetic variation (Chapter IV, Funk et al. 2007). Coalescent 
analyses will determine the origin of the superspecies (Rosenberg & Nordborg 2002, 
Beaumont 2004). An appropriate phylogeographic analysis will not only clarify the 
recent contentious phylogenetic relationships between Kentish plover subspecies, but 
may reveal further cryptic species and therefore identify better conservation 
management units (Kennerly et al. 2008, del Hoyo et al. 1996). Interestingly, although 
birds have always been the model for speciation processes for decades (Price 2007), the 
systematics of many avian groups are still unsatisfactorily resolved (Hackett et al. 
2008). For example, more than 90 cryptic species have been discovered over the last 30 
years (Pfenniger & Schwenk 2007). This may have implications for conservation: two 
closely related species which are by some authors included into the superspecies (see 
del Hoyo et al. 1996), Malaysian C. peronii and Java plover C. javanicus are classified 
as ‘Near Threatened’ by IUCN.  
3. Candidate genes for breeding system evolution 
Plover populations differ greatly in their breeding systems (Warriner et al. 1986, 
Lessells 1984, Székely & Williams 1995, Lloyd 2007). Coupled with behavioural 
studies of the breeding systems, a thorough phylogeographic analysis may help to 
improve our understanding of the evolution of breeding systems. Comparative research 
on breeding system evolution has revealed striking phylogenetic and ecological patterns 
in shorebirds (Székely et al. 2004, Thomas et al. 2006). However, little is known about 
genetic bases of breeding system evolution. Interestingly, microsatellite alleles are 
correlated with different breeding systems in voles. A single microsatellite located in 
the cis regulatory region of the vasopressin V1a receptor plays a significant role in 
determining social phenotypes (Hammock & Young 2004). Different alleles predict 
different distribution patterns of V1a receptors in vole brains and also different 
individual male social behaviour. Males with longer microsatellite alleles showed more 
behaviours associated with polygyny than males with shorter alleles, who showed 
behaviours associated with monogamy (Hammock & Young 2005). However, a 
phylogenetic comparative study using 25 rodent species did not find evidence for an 
exclusive association of short microsatellite alleles with social monogamy, conversely 
males of two species that are largely monogamous showed genotypes with long 
microsatellite alleles in the regulatory region of the vasopressin receptor (Fink et al. 
2007). One hypothesis that remains to be tested is whether genetic diversity is important 
for mating behaviour (Young & Hammock 2007) and shorebirds provide an excellent 
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system to carry out such a test. The diversity of shorebird breeding systems exceeds the 
variation of breeding system among voles and most other mammals. Markers for 
conserved microsatellites located in avian genes can be developed using the available 
chicken Gallus gallus and zebra finch Taeniopygia guttata genome databases. 
Conserved microsatellite markers provide the first candidate loci to examine 
correlations between alleles and behaviour, whilst non-conserved markers can be used 
to estimate genetic diversity. Transitions between breeding systems have occurred 
several times in the phylogenetic history of shorebirds (Székely & Reynolds 1995). A 
phylogeographic analysis in the superspecies Kentish plover, a species with exceptional 
variability of breeding behaviours across populations, could show whether breeding 
system changes are reflected in changes of genetic diversity and/or allele frequencies 
between populations. 
The diversity of Kentish plover reproductive behaviour provides many clear examples 
to understand social evolution and sexual selection (Székely et al. 2006). Recent 
progress in the development of new molecular and bioinformatic techniques has made it 
feasible to obtain gene expression patterns in non-model organisms (Blow 2007, 
Ellegren 2008).  This provides new opportunities to determine the genetic bases of 
social behaviour. However, genomic studies alone and snapshots on gene-expression 
are not enough to understand selection pressures acting on different behaviour, they 
need to be combined with observational and experimental long term studies of natural 
populations.  
Two important measures that can be addressed by such ecological studies are 
repeatability and heritability. Repeated behavioural sampling from the same individual 
can provide a measure for the consistency of behaviour. Repeatability can be used as 
surrogate to estimate the plasticity of behaviour (Appendix II) and may also provide the 
upper limit for heritability of behaviour (Falconer & MacKay 1996). Heritability of 
many traits can be determined by sampling behaviour in relatives and exploring the 
changes of behaviour along pedigrees by mixed models with restricted maximum 
likelihood methods (Kruuk 2004, Postma & Charmantier 2007). Heritabilities and the 
extent of genetic variation held in populations are not only important for determining 
the genetic base of behaviour, but also to understand the ability of populations to adapt 
to changes in the environment. Changes in today’s world are often caused or magnified 
by human activities.  
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4.  Candidate genes for fitness 
The results from the microsatellite analyses show that different genotypes are associated 
with different aspects of fitness (Chapter V). The genomic locations of the conserved 
markers provide a starting point for an investigation into the genes associated with the 
observed fitness effects. Genomic databases, such as chicken or zebra finch genome 
database can be used to identify candidate loci in the vicinity of microsatellite markers 
which then can be examined for the degree of linkage with the markers and their role in 
fitness. Heterozygosity-fitness correlations need also to be explored in adults to see 
whether reproductive success or longevity is associated with any of these loci. 
Examinations may also include stratification tests to identify beneficial and detrimental 
alleles and allele combinations. 
This PhD has provided the basic tools to investigate the molecular ecology of Kentish 
plovers and other shorebirds. Molecular ecology in shorebirds is still in its infancy, but 
as this PhD and recent similar studies have shown, there are exciting perspectives.  
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Abstract 
Capsule. Here we report the breeding behaviour of Kentish Plovers from the Arabian 
Peninsula, one of the hottest locations in their breeding distribution. 
Aims. To investigate breeding ecology and parental behaviour of Kentish Plovers in an 
extremely hot environment. The Kentish Plover has an unusually diverse breeding 
system in which the frequencies of biparental care, female-only care and male-only care 
vary between populations. A common, but rarely tested, explanation for such a variation 
is local adaptation: birds exhibit social traits that are adaptive to their breeding 
environment. 
Methods. A breeding population of approximately 200 pairs was investigated in 2005 
and 2006 at Al Wathba Wetland which is located near Abu Dhabi in the United Arab 
Emirates. 
Results. We found high nest site fidelity and low mate fidelity, and more biparental 
care in Al Wathba than in most temperate zone populations of Kentish Plover. 
Conclusions. Our results are consistent with the argument that harsh environment can 
select for biparental care. However, further studies are warranted to distinguish between 
alternative hypotheses for the different distribution of social behaviours of breeding 
populations. 
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Introduction 
Waders (or shorebirds, approximately 350 species, Monroe & Sibley 1993) have a 
global distribution: they breed on all continents including Antarctica (del Hoyo et al. 
1996, Kam et al. 2004). Successful breeding in vastly different environments such as 
Arctic tundra, temperate wetlands, deserts and tropical marshes requires special 
adaptations. These adaptations may influence fundamental aspects of birds’ life 
including physiology, life histories and resilience to perturbations caused by humans. 
 
There are two fundamental reasons for collecting data on behaviour and ecology of 
waders in different environments. First, waders exhibit an unusual diversity in their 
behaviour, ecology and life histories, with complex phylogenetic relationships between 
these traits (Bókony et al. 2003, Székely et al. 2004, Thomas & Székely 2005, Thomas 
et al. 2007). Studies have shown that the environment often shapes these traits, although 
a common limitation of such comparative studies is that life-history and ecological data 
are scanty from tropical and subtropical regions, where many waders breed. Second, to 
assess the status and trends of populations, we need baseline data on breeding ecology 
and the long-term sustainability of populations. Whilst waders feature prominently in 
studies of evolutionary ecology including migration, foraging ecology and breeding 
systems (see reviews by del Hoyo et al. 1996, Kam et al. 2004, Thomas et al. 2007), 
collecting data on their demography is difficult, due to their low breeding densities in 
transient habitats, the nomadic nature of breeding adults, and the high mobility of their 
young (but see McCulloch 1992, Sandercock 2003, Watson et al. 2006, Lloyd 2008, 
Zefania et al. 2008). 
 
A powerful approach to investigate the influence of environment on breeding strategies 
is to focus on a single species that breeds under different environmental regimes, and 
look to see whether these different ecological conditions may evoke different social 
traits, for instance mating system and parental care. Here we focus on a widely 
distributed wader, the Kentish Plover Charadrius alexandrinus. This species has a vast 
geographic distribution in Eurasia from Cape Verde Islands in the west to Taiwan and 
Japan in the east, and they breed in open habitats on the north hemisphere between the 
55° (N Germany) and 10° (Sri Lanka). Kentish Plovers are polygamous (either by the 
male or the female, Lessells 1984, Warriner et al. 1986, Blomqvist et al. 2002), and the 
chicks may be raised by a single parent or both parents. Kentish Plover is one of the few 
bird species in which several factors have been identified that may influence whether 
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one or both parents care for the young (Amat et al. 1999, Székely & Cuthill 1999, 
Székely et al. 1999, Kosztolányi et al. 2006). Extreme ambient environment may select 
for biparental care, which may induce a suit of changes in life history traits including 
persistence in breeding at the same site with the same mate (Lloyd 2008, Al-Rashidi et 
al. submitted). 
 
We have three objectives in this study. First, to investigate breeding strategies of 
Kentish Plovers in a harsh desert environment where ground surface temperature often 
rises over 50 ºC, and occasionally reach 65 ºC (A. Kosztolányi pers. obs.). Given such 
demand on the parents to cool the eggs, we expected many nests to fail. Parental care, 
sexual selection and their relationship with the environment are controversial topics in 
evolutionary biology (Kokko & Jennions 2008), and empirical studies, like the one we 
present here, are needed to underpin (or disprove) theoretical arguments. Second, to 
protect chicks from scorching heat, both parents must cooperate to rear the young. 
Finally, if the breeding environment exhibits low variation across the year, one may 
expect pairs staying together between years and, due to a non-migratory life-style, they 
return to their former home range. Previous studies have investigated the breeding 
ecology of Kentish Plovers in Europe (Germany, Rittinghaus 1961; Hungary, Székely 
1991; France, Lessells 1984; Spain, Fraga & Amat 1996; Turkey, Kosztolányi et al. 
2006), although here we investigate Kentish Plovers in the southernmost population to 
date, the Arabian Peninsula. Previous account of Kentish Plovers in Abu Dhabi reported 
sightings, and the occurrences of chicks and nests (P. Hellyer, S. Aspinall pers. comm.), 
although no detailed study is available from any Eurasian population that breeds further 
south than Turkey. 
 
 
Methods 
We investigated the Kentish Plovers at Al Wathba Wetland Reserve, about 40 km 
south-east of Abu Dhabi, United Arab Emirates (24° 15.5’ N, 54° 36.2’ E) in two years 
(2005: 23 March – 23 July; 2006: 26 April – 12 July). The Reserve is approximately 3.7 
km × 1.9 km with total area about 450 ha; it is composed of water bodies surrounded by 
sand dunes. The Reserve is managed by Environment Agency – Abu Dhabi (EAD), and 
the area is surrounded by a fence that excludes large terrestrial predators (see detailed 
description by Khan & Javed 2004). 
 
177
We used standard methodology to estimate survival of nests and broods, and chick 
growth rates (Kosztolányi et al. 2006, Székely et al. 2008). In short, we searched for 
nests by observing plovers from a hide or car, or by walking through the area. For each 
nest standard measurements were taken (Székely et al. 2008), and the fate of the clutch 
was assigned to one of the following categories: ‘Hatched’ – at least one egg hatched, 
‘Predated’ – the eggs were depredated, ‘Failed’ – no eggs hatched (because the eggs 
were infertile or the embryo died in the egg and/or the parents deserted the nest), 
‘Unknown’ – the fate of the nest was not followed or the eggs disappeared, but neither 
predation nor hatching was confirmed. 
 
We set up nest camera systems to record the behaviour of parents at the nest. The 
system consisted of a small camera (Outdoorcam, Swann Communications Pty. Ltd.) 
positioned about 1 m from the nest, and a digital video recorder (MemoCam, Video 
Domain Technologies Ltd.) that recorded images on a memory card every 20 s. The 
camera had infrared lights for night images. 
 
Adults were identified in the field by a unique combination of one metal and three 
colour rings. Downy chicks were ringed by two rings, one metal ring and a colour ring 
(the same colour within a family). 
 
In 2005, broods were visited regularly after hatching, and at each visit the location of 
the family, the sex and number of attending parents and the number of chicks were 
recorded. If a parent was not present at the brood at two consecutive visits, we 
considered the parent as having deserted. Broods were followed until the chicks were 25 
days old. For broods which hatched from unknown nest, the chicks were ringed at the 
first encounter, and we used their tarsus length to estimate hatching date (see Székely & 
Cuthill 1999). Chicks were recaptured to measure their left and right tarsus length 
(nearest 0.1mm). Growth rate of chicks was estimated by fitting a least-squares 
regression for each brood, and using the slope of this regression (mm × day-1). Tarsus 
growth is approximately linear in the Kentish Plover between hatching and age 25 days 
(Székely & Cuthill 1999). 
 
During fieldwork whenever we encountered a colour-ringed plover we recorded its 
location, and noted its behaviour. We defined the home range of an individual as the 
convex hull of the points where the plover was observed in a given year. In home range 
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size calculations only those birds were included that were observed at least three 
different locations in a year. The distance that birds moved between years was 
calculated as the distance between the centroids of the two home range polygons. For 
plovers with several nests in a year we calculated the between-year nest distance using 
their first known nest in each year. 
 
Statistical analyses were carried out using R 2.7.1 (R Development Core Team 2008). 
For non-parametric data we provide the median (M), the lower quartiles (LQ) and the 
upper quartiles (UQ). 
 
 
Results 
 
Egg laying dates and incubation period 
We found 317 nests in total in the two years. Out of 260 completed nests 163 had three 
eggs, 82 had two eggs and 15 had only one egg. Eggs were laid between 13 March and 
24 June (2005), and 13 April and 20 June (2006). Most eggs were laid in April and May 
(Fig. 1). Note, however, when fieldwork started in 2005 we had already observed 
chicks. Based on the estimated ages of these chicks, egg laying may start as early as 
February, and it may last until late November, since S. Aspinall (pers. comm.) reported 
downy chicks from Al Wathba in December 2005. 
 
23.4% and 19.4% of nests hatched in 2005 and 2006, respectively (Table 1). The fate of 
nests did not differ between years (χ2 test of homogeneity for hatched, predated and 
failed categories, χ2 = 0.592, df = 2, P = 0.744). Nest cameras identified Grey Monitors 
Varanus griseus, Red Foxes Vulpes vulpes and a Red-wattled Lapwing Vanellus indicus 
taking eggs (Fig. 2), and we found footprints of Grey Monitors around several predated 
nests. In many cases, however, the predator(s) did not leave footprints so that we could 
not identify them. Nests that hatched tended to be laid earlier (64.5 (50.5–81.0) days 
after 1 March, M (LQ–UQ), n = 68 nests) than unhatched (predated or failed) nests (71 
(53–86) days after 1 March, n = 130 nests, Mann-Whitney test, W = 3764.5, P = 0.087). 
 
We recorded the behaviour of parents for 1-3 days using camera systems (n = 28 nests). 
At each nest both parents incubated the eggs. The length of the incubation period was 
25 (24–25) days, at n = 7 hatched nests we found before clutch completion). 
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 Brood-rearing period 
In 2005, 30 broods (15 hatched from known nest and 15 hatched from unknown nest) 
were checked regularly until the age of 25 days or until all chicks perished. 25 of these 
families fledged at least one chick successfully, and the probability of fledging 
decreased during the breeding season (Fig. 3, Generalized Linear Model with binomial 
error, B = -0.20 ± 0.09, P = 0.034). 
 
Tarsus growth of chicks was 0.42 ± 0.03 mm × day-1 (mean ± se, n = 30 broods), and 
chicks hatched later in the season grew faster than chicks hatched earlier (least-squares 
regression, B = 3.50 × 10-3 ± 1.18 × 10-3 mm × day-2, P = 0.006). 
 
Biparental brood care, male-only brood care and female-only brood care were all 
observed in Al Wathba, and the distribution of care types tended to change with both 
hatching date and brood age (Fig. 4). We observed 15 female and 5 male desertions, 
whereas in 10 families both parents stayed with the chicks until the age of 25 days. 
Male desertion occurred 5.5 (3.5–5.5) days after hatching, whereas female desertion 
occurred 12.5 (4.3–17.5) days after hatching (Mann-Whitney test, W = 52, P = 0.221). 
Consistently with the changes in the distribution of care types, male desertion was more 
likely to occur in early broods (Fig. 5, Kruskal-Wallis test, χ2 = 8.850, df = 2, P = 
0.012). 
 
We observed five cases of sequential polygamy out of 7 males and 10 females that bred 
several times with known mates in a breeding season: one male in 2005 and four 
females (two in 2005 and two in 2006) renested with a different mate within the same 
breeding season. The polygynous male was tending alone two 22-day old chicks from 
his first nest on 29 April and his first mate was seen with an unringed male on 28 April. 
The male renested with an unringed female on 7 June. The first mate of this polygynous 
male renested with an unringed male on 21 May. The other polyandrous female in 2005 
deserted her first brood on 24 April when the chicks were 14 days old, and laid a new 
clutch with an unringed male around 20 May. One polyandrous female in 2006 remated 
with a ringed male (her previous mate in 2005) after her first clutch was predated, 
however, her first mate was still alive and present in Al Wathba. The other polyandrous 
female in 2006 deserted her first brood on 27 May when the chicks were 14 days old, 
and then laid a new clutch with an unringed male on 5 June. 
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 Mate fidelity and site fidelity 
Both parents were ringed in 99 pairs in 2005. Out of these, the mate of 16 males and 12 
females was identified in 2006. Six males (37.5%) out of the 16, and six females 
(50.0%) out of the 12 remated with the same bird in the next year (two out of these six 
females, however, had two mates in one of the years). 
 
147 colour ringed adults were observed at the study site in 2006 out of 223 adults that 
were marked in 2005. The returning rate of males (70.0%, 77 out 110) did not differ 
from that of females (61.9%, 70 out 113, χ2 test of homogeneity, χ2 = 1.271, df = 1, P = 
0.260). 
 
Females tended to move larger distances between years than males, although the home 
ranges of sexes were not different (Table 2). Plovers tended to have smaller home 
ranges in 2005 (1.50 (0.19–4.75) ha than in 2006 (2.30 (0.49–8.11) ha; Wilcoxon 
matched-pairs test, V = 305, n = 42, P = 0.068). 
 
We identified the nests of 38 adults in 2006 that were colour ringed in 2005. The 
locations of nests in 2005 were known for 34 out of 38 plovers, whilst the remaining 
four plovers were caught when they were tending the chicks, and thus their nest location 
was unknown (Fig. 6). The distance between nests in the two years was 92 (30–263) m. 
The between-year nest distances of females was not different (139 (70–688) m, n = 13 
females) from that of males (70 (28–216) m, n = 21 males, Mann-Whitney test, W = 
175, P = 0.178). 
 
 
Discussion 
Our study of the southernmost breeding population of Kentish Plovers to date, found 
different behaviour and ecology between the temperate zone and the Al Wathba 
populations. The breeding season is almost continuous in Al Wathba; however, there is 
a peak period in April and May. The prolonged breeding season, and presumably the 
seasonal variation in food supply may explain why late-hatched chicks grew faster than 
earlier ones: this is an unexpected result, since in Turkey where breeding is limited to 
four months late-hatched chicks grow more slowly than early-hatched ones (Székely & 
Cuthill 1999). 
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 We found four major results. First, nest survival was low, especially given that the site 
is surrounded by a fence that intended to exclude many terrestrial predators including 
foxes and stray dogs. Indeed, we found no evidence that these carnivores would take 
substantial numbers of eggs. A common nest predator, however, was the Grey Monitor, 
a native lizard in the Arabian Desert. We argue that the lizards were unusually abundant 
at Al Wathba for two reasons. First, Al Wathba and its breeding birds attracted 
predatory lizards from surrounding desert habitats, an effect we call the ‘honey-pot’. 
Second, lizards are not persecuted inside the reserve – neither by humans nor by their 
natural competitors, so their populations can boom. Our data suggest that in order to 
preserve the balance between wetland birds and predators, it may be necessary to 
control Grey Monitors. 
 
Second, survival of both nests and chicks declined over the breeding season, a common 
result that has been observed in Spain and Turkey (Fraga & Amat 1996, Kosztolányi et 
al. 2007). This is a well-known feature occurring in many temperate zone species: it 
may be due to increased predation rate as the season progresses, or to declining quality 
of birds that decide to breed. 
 
Third, we recorded all three types of brood care (biparental, male-only, female-only) 
that occur in birds, although biparental care was more common than in other temperate 
zone populations (9.1% and 13.6% of 17+ day old broods in Hungary and France, 
respectively, Lessells 1984, Székely & Lessells 1993). The high frequency of biparental 
care suggests that an extreme environment, such as in the Arabian Desert, may favour 
shared brood care. Chicks are often brooded and shaded in Al Wathba and, to avoid 
overheating, shifting care between parents is a convenient way of increasing chick 
survival. Note, however, that early in the breeding season the frequency of male-only 
care was comparable to the frequency of female-only care: this is unusual, because in all 
populations that have been studied, including Snowy Plovers Charadrius alexandrinus 
nivosus (Warriner et al. 1986), male-only brood care is more common than female-only 
care. This suggests that in the Al Wathba population, the mating opportunities are 
biased toward males early in the breeding season, perhaps due to a female-biased adult 
sex ratio. 
 
Finally, we found high site fidelity, as one may expect, given that Al Wathba is 
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surrounded by desert and nesting opportunities are limited. In spite of high site fidelity, 
divorce between pairs was common suggesting that site fidelity does not necessarily 
imply high mate fidelity. Therefore, a general relationship predicted by life-history 
theory between high adult survival, site fidelity and low divorce (Lloyd 2008), can be 
modulated by social selection. For instance, unlike many temperate and southern 
hemisphere plovers (Ringed Plover Charadrius hiaticula, White-fronted Plover 
Charadrius marginatus) Kentish Plovers do not defend territories around their nest, and 
this flexibility in breeding dispersal may facilitate mate change. 
 
In conclusion, our study provided fundamental data on breeding ecology of a Kentish 
Plover population in the Persian Gulf. We show that features of this population (e.g. 
nest survival, biparental care of the eggs, and a bias toward female desertion) are similar 
to temperate zone populations, whereas other features (high site fidelity, high frequency 
of biparental care) are distinct. We speculate that some of these differences are due to 
extreme hot environment and/or high breeding density. Further understanding of 
Kentish Plover breeding ecology in Al Wathba requires continued monitoring of 
individually-marked plovers, and developing a new management strategy to control the 
number of Grey Monitors. 
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Table 1. The fate of Kentish Plover nests in Al Wathba. 
 
Year Hatched (%) Predated 
(%) 
Failed (%) Unknown 
(%) 
Total no. of 
nests 
2005 23.4 43.1 12.8 20.7 188 
2006 19.4 36.4 14.0 30.2 129 
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Table 2. Home range sizes and distances between home ranges of adult Kentish Plovers 
in Al Wathba (Median, Lower Quartile – Upper Quartile), n refers to the number of 
adult males or females). 
 
 Male Female 
Mann-Whitney test between 
males and females 
Home ranges in 2005 (ha) 
2.11, 0.20 – 4.85 
n = 54 
2.26, 0.59 – 6.71 
n = 56 
W = 1354, P = 0.346 
Home ranges in 2006 (ha) 
3.49, 0.71 – 8.29 
n = 51 
1.83, 0.40 – 7.20 
n = 49 
W = 1366.5, P = 0.422 
Distance between home 
ranges (m) 
245, 140 – 505 
n = 77 
330, 176 – 598 
n = 70 
W = 2990, P = 0.253 
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 Fig. 1. Egg-laying season of Kentish Plover eggs at Al Wathba. The brackets over the 
bars represent interquartile ranges for 2005 and 2006 separately. 
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Fig. 2. Predators of Kentish Plover eggs in Al Wathba recorded on nest camera: (a) 
Grey Monitor Varanus griseus, (b) Red Fox Vulpes vulpes, (c) Red-wattled 
Lapwing Vanellus indicus. 
 
 
Fig. 3. The probability of fledging of Kentish Plover broods in relation to hatching date 
at Al Wathba in 2005. The line indicates fitted values of a GLM with binomial error 
(see text for details; hatching date is given as number of days since 1 March). 
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 Fig. 4. The distribution of care types over the 0 – 25 days of brood age in Kentish 
Plover broods at Al Wathba in 2005. The broods were divided as early and late broods 
according to the median hatching date (n = 27 early broods, n = 26 late broods, the 
vertical bars represent 95% binomial confidence limits). 
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Fig. 5. Hatching date of broods deserted by the male, the female or neither parent at Al 
Wathba in 2005 (hatching date is given as number of days since 1 March). 
 
 
Fig. 6. The location of nests of individually marked Kentish Plovers that bred in both 
2005 and 2006 (n = 34 plovers and n = 30 arrows; four pairs renested together). 
191
 Appendix II 
 
Parental cooperation in an extreme hot environment: 
incubation behaviour in Kentish plover Charadrius 
alexandrinus 
 
MONIF ALRASHIDI*, ANDRÁS KOSZTOLÁNYI†, CLEMENS KÜPPER*, INNES 
C. CUTHILL‡, SÀLIM JAVED§ and TAMÁS SZÉKELY* 
 
*Department of Biology and Biochemistry, University of Bath, Bath, BA2 7AY, UK 
†Department of Ethology, Eötvös Loránd University, Budapest, Pázmány Péter sétány 
1/c. H-1117, Hungary 
‡Centre for Behavioural Biology, School of Biological Sciences, University of Bristol, 
Woodland Road, Bristol, BS8 1UG, UK 
§Environment Agency, Abu Dhabi. PO Box 45553, United Arab Emirates 
 
Manuscript submitted to Behavioral Ecology and Sociobiology 
192
 Abstract 
Parental care often increases offspring survival, but is costly to the parents. A trade-off 
between the cost and benefit of care is expected so that when the offspring benefit 
substantially from care; parents should cooperate to rear the young. We investigated the 
latter hypothesis in a ground nesting shorebird, the Kentish plover Charadrius 
alexandrinus which nests in an extremely hot environment, the Arabian Desert. Midday 
ground temperature was often above 50°C in Abu Dhabi (United Arab Emirates), thus 
leaving the eggs unattended even for a few minute risks overheating and death of 
embryos. Through the use of video surveillance we studied incubation routines and 
parental cooperation by quantifying the contribution of males and females to incubation 
at 28 nests over 24 h. We show that ambient temperature had a significant influence on 
incubation behaviour, and the relationship is non-linear. Cooperation between parents 
was particularly strong in midday with incubation shared approximately equally. The 
enhanced parental cooperation was due to males increasing their nest attendance. These 
results suggest that ambient environment can have a major influence on care 
provisioning, and that when the risk of embryonic death is high the parents cooperate 
most strongly. Shared incubation also helps the parents cope with heat stress 
themselves: they can relieve each other frequently from incubation duties. Our results 
suggest parental cooperation is essential during incubation when the ambient 
environment is extremely hot. However, once the eggs have hatched the risks associated 
with high ambient temperature are reduced: the chicks become mobile, and they 
gradually develop thermoregulation. Biparental care is no longer essential and one 
parent may desert the family, one factor leading to the diverse breeding systems 
exhibited by shorebirds. 
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 Introduction 
Parental care is beneficial for the young but often involves costs for the parents. In most 
bird species both parents cooperate and share care provisioning (Bennett and Owens 
2002; Reynolds et al. 2002; Cockburn 2006). Biparental care is not only characterised 
by cooperation but also includes conflict, because it consumes time and energy, limits 
the opportunities for additional matings, and may put parents at risk of predation. 
Therefore a sexual conflict over parental care may emerge between male and female, 
since each parent benefits by the other working harder (Lessells 1999; Barta et al. 2002; 
Arnqvist and Rowe 2005; Houston et al. 2005; Székely et al. 2006). 
Incubation behaviour is a major part of parental care and has implications for 
breeding system evolution (Ligon 1999; Deeming 2002). In precocial species which do 
not feed their young, incubation is a relatively large part of parental duties (Bergstrom 
1986). Incubation is important to regulate the embryonic developmental temperature but 
it can be costly to the parents because it demands time and energy. Incubating birds 
spend considerable time sitting on the nest, which affects parental fitness and limits 
their other activities, such as foraging and attracting further mates. Division of 
incubation duties between parents may reduce the time and energy costs imposed upon 
any one of them (Deeming 2002). 
Ambient temperature is one of the critical environmental variables that 
influences avian incubation behaviour (Conway and Martin 2000; Brown and Downs 
2003; Amat and Masero 2004 a & b). The optimal temperature for embryo development 
in most avian species is between 36ºC and 40.5ºC (Conway and Martin 2000). If 
ambient temperature deviates from the optimum, parents regulate nest temperature by 
warming (or cooling down) the eggs (Webb 1987; Conway and Martin 2000). Cold or 
hot temperatures (hypo- and hyperthermia, respectively) reduce egg survival and thus 
may cause nest failure. However, hyperthermia is more harmful than hypothermia since 
hot temperatures induce embryonic mortality faster than cold ones; embryos of several 
species survive temporary falls of temperature down to 0ºC, whereas no embryo is 
known to survive above 44ºC (Webb 1987). The behaviour of incubating birds in hot 
environments, especially of ground-nesting birds, therefore plays a vital role in 
preventing eggs from overheating (Downs and Ward 1997; Brown and Downs 2003). 
Ambient temperature may have adverse effect not only on the eggs, but also on 
the incubating birds themselves (Salzman 1982; Webb 1987; Downs and Ward 1997; 
Conway and Martin 2000; Amat and Masero 2004a; Amat and Masero 2007; Yasue and 
Dearden 2007). Extreme hot can be fatal for incubating birds, thus parents have to 
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 balance carefully the demands of their eggs with their own risk of overheating (Grant 
1982; Webb 1987; Downs and Ward 1997; Conway and Martin 2000; Amat and Masero 
2004b). 
Shorebirds provide excellent opportunities to investigate incubation behaviour 
and the effects of ambient temperature on parental behaviour. Firstly, many shorebirds 
nest on the ground so that their eggs are exposed to ambient environment (Grant 1982; 
Bergstrom 1989; Amat and Masero 2004a; Amat and Masero 2004b). Although parents 
may use different type and amount of nest lining, presumably to separate the eggs from 
ambient environment (Szentirmai and Székely 2002), their eggs are still more exposed 
to environmental fluctuations that in those birds that nest in tree holes or in 
sophisticated purpose-built arboreal nests (Hansell 2000). Secondly, shorebirds have an 
outstanding diversity in their breeding systems: this includes various levels of polygamy 
by the male or the female (or both sexes), and different levels of care provisioning by 
the male, female or both parents (Kam et al. 2002; Székely et al. 2006; Thomas et al. 
2007). Finally, shorebirds breed in some of the most hostile environment on Earth: this 
includes polar breeding grounds (both Arctic and Antarctic habitats), high mountains, 
tropical marshes, deserts and semi-deserts (del Hoyo et al. 1996). Therefore, different 
adaptations are likely to be required to cope with these challenging environments, with 
potential implications for breeding system evolution. 
We studied a small cosmopolitan ground-nesting shorebird, the Kentish plover, 
Charadrius alexandrinus (body mass approximately 42 g), which breeds in temperate 
and subtropical environments where ambient temperatures commonly reach over 50ºC 
during daytime (Purdue 1976; Grant 1982; Amat and Masero 2004a). Nests are sparsely 
filled with material such as straw, pebbles, mollusc shells and algae which may act as 
insulation materials to help to regulate the egg temperature (Purdue 1976; Szentirmai 
and Székely 2002). Both parents participate in incubation: females usually incubate in 
the daytime whereas males incubate during night (Fraga and Amat 1996; Kosztolányi 
and Székely 2002). 
The Kentish plover is an ideal model for studying parental behaviour, since it 
has variable parental care both within and between populations. Both parents incubate 
the eggs although after the eggs hatch one parent (the male or the female) deserts the 
family and seeks a new mate; so that monogamy, polygyny and polyandry may all occur 
within a single population (Warriner et al. 1986; Lessells 1984; Amat et al. 1999; 
Székely and Cuthill 2000; Székely et al. 2006). The transition from shared incubation to 
uniparental care is an excellent paradigm to understand how and why animals may shift 
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 from cooperation that enhances to both parents’ interest to desertion that is only 
beneficial for the deserting individual but costly to the deserted parent. 
Here we investigate parental cooperation during incubation by quantifying 
incubation by males and females in Kentish plovers nesting in the Arabian Peninsula 
where ground temperatures may exceed 60°C at midday during the breeding season. 
The objectives of our study were to answer two questions: i) Is the behaviour of the 
male or the female influenced by ambient temperature? ii) Does ambient temperature 
influence parental cooperation during incubation? 
Materials and methods 
Study area  
Fieldwork was carried out in Al Wathba Wetland Reserve between 13th of March and 
23rd of July 2005, and between 26th of April and 12th of July 2006. This reserve is 
located approximately 40km south-east of Abu Dhabi in the United Arab Emirates (24° 
15.5’ N, 54° 36.2’ E). The fenced reserve with a total size of about 465 ha is composed 
of artificially created water bodies that are surrounded by sand dunes. About 200 pairs 
of Kentish plover breed within and around the reserve. 
Data collection 
Kentish plovers are sexually dimorphic during the breeding season which allows 
identification of sexes from photos (Cramp and Simmons 1983); adult males have black 
eye-stripes; black frontal head bars and incomplete black breast-bands, whereas these 
areas are pale brown in adult females. Sexual dimorphism in plumage characteristics 
between sexes decreases over the season, therefore at four nests in 2005 the eye and 
head stripe of males were dyed using black permanent marker to enable discrimination 
between males and females from the nest photos (see below). 
Activities at the nests were recorded using a small spy camera (Outdoorcam, 
Swann Communications Pty. Ltd., Richmond, Victoria, Australia) positioned about 1m 
from the nest. The camera was connected to a digital video recorder (MemoCam, Video 
Domain Technologies Ltd., Petah Tikva, Israel) that recorded an image every 20s. The 
camera was equipped with infrared lights that allowed capturing the images of 
incubating plovers during night. Power was supplied by a car battery. The ambient 
temperature was measured by a thermo-probe which was placed about 25 cm from the 
nest scrape at ground level. The probe was connected to a data logger (Tinytag, Gemini 
Data Loggers Ltd., Chichester, UK) that recorded the temperature every 20s. Ground 
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 temperature often exceeded 50 °C at midday (Figure 1); the maximum ground 
temperature we recorded was 64.8°C. 
All parts of the system (except the camera), and the cables were hidden 
underground to minimize the disturbance to the birds. Date of egg-laying was known 
for clutches, or was estimated by floating the eggs in lukewarm water (Székely et al. 
2008). Egg-laying is given as the number of days since 1 March. 
Ambivalent identification of male and female, and records when the parents 
were disturbed (e.g. during daily function tests of the data recording systems) were 
omitted from analyses (< 2.3 % of all records). At 20 nests egg temperatures were 
experimentally manipulated for a separate study, thus for the latter nests only data from 
control period that preceded the experimental manipulation were included in the current 
analyses. In total, data from 28 nests (20 and 8 nests from 2005 and 2006, respectively) 
were included in the analyses. 
Statistical procedures 
24 h recording starting at midnight (0.00 h) was taken for each nest, and considered as 
the unit of analysis. Each day was divided into twelve 2 h time periods. Three 
behavioural variables were calculated for each interval: (1) total incubation, the 
percentage of time when the eggs were incubated by either parent; (2) male incubation, 
the percentage of time when the eggs were incubated by the male, (3) female 
incubation, the percentage of time when the clutch was incubated by the female. These 
variables (converted to proportions) were arcsine square-root transformed. The average 
ground temperature measured during each period was taken as the ambient temperature. 
Estimates for repeatability of behaviour give a standard measure of individual 
consistency and may be treated as a measure of susceptibility of a particular behaviour 
to environmental influences (Boake 1989; Nakagawa et al. 2007). Following Harper 
(1994) we calculated repeatability of the incubation behaviour for 8 nests where data for 
two full days were available. We used repeatability (R) for interpretation rather than 
statistical significance, because the latter is influenced by sample size (Nakagawa & 
Cuthill 2007). 
The influence of ambient temperature on incubation behaviour was investigated 
using linear mixed-effects models (lme, Pinheiro and Bates 2000) with nest identity as a 
grouping structure since parental behaviour is not independent between two-hour time 
periods for a given nest. Year, egg laying date and the number of days since the start of 
incubation potentially influence incubation behaviour. We carefully tested all three 
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 variables on our response traits (% total incubation, % male incubation, % female 
incubation), however, none of them had a significant effect (mixed-effects models, 
P ≥ 0.060 in all cases) therefore these variables were not analysed further. 
The initial model of total incubation included time period (fixed factor), ambient 
temperature (second degree orthogonal polynomial covariate) and their interaction 
because Conway & Martin (2000) found that avian incubation behaviour and ambient 
temperature are not linearly associated. The initial model for male and female 
incubation included time period (fixed factor), ambient temperature (second degree 
orthogonal polynomial covariate), the incubation by the other sex (fixed factor) and all 
second-order interactions. All models included a random intercept term for each nest. 
The initial models were fitted using maximum likelihood method, and model selection 
was carried out using AIC. The final models were refitted using restricted maximum 
likelihood. 
To illustrate the results of the final mixed-effects models (Table 1) on 
Figures 3-5, we fitted mixed-effects models containing the variables 
showed on the figures and present the back-transformed fitted values and 
the observed data. We used R version 2.7.1. for statistical analyses. Values are given as 
mean ± SE unless stated otherwise. 
Results 
Repeatability 
Total incubation was moderately repeatable (one-way ANOVA, R = 0.54, F7,8 = 3.428, 
P = 0.053). Male incubation showed low repeatability (R = 0.27, F7,8 = 1.760, P = 
0.223), whereas female incubation was not repeatable (R = -0.01, F7,8 = 0.992, P = 
0.498). 
Daily routine 
Overall, the mean incubation coverage was 85.7 ± 1.1% over the full day (n = 28 nests). 
Females attended the nest 44.5 ±1.7% of their time, whereas males attended the nest 
41.3 ± 1.6% of their time. At night (20:00 - 6:00h) total incubation was 90.8 ± 1.4%, 
with females and males spending 33.2 ± 3.6% and 57.6 ± 3.6%, respectively. In 
contrast, during daytime (6:00-20:00h) nests were attended 82.4 ± 1.4% of the time, 
with females and males attending 52.1 ± 2.1% and 30.4 ± 1.8% respectively. 
The nest was attended by either parent over 70% of time in each period except 
18-20 h, and the highest attendance was in midday (Figure 1). Male and female 
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 incubation routines were different: females incubated the eggs mostly in morning and 
males in the evening and at night (Figure 1). 
The influence of ambient temperature on parental behaviour 
Ambient temperature influenced incubation and the effects were often not linear 
(Figures 2-4, Table 1). In the morning as ambient temperature increases, total 
incubation decreased with temperature. In midday, however, total incubation increased 
with temperature (Figure 2). In late evening, incubation decreased again with 
temperature. 
Males and females responded differentially to ambient temperature during 
different parts of the day, as indicated by the highly significant interaction terms 
between time period and temperature (Table 1). During midday males usually increased 
incubation with temperature, whereas females decreased (Figures 2 and 3). 
The influence of ambient temperature on parental cooperation 
Female and male incubation tend to show a trade-off, although the strength of this 
relationship varies significantly over the day (Table 1, Figure 5). In morning (6-10 h) 
and in the evening (16-20 h) the inverse relationship between male and female 
incubation is poor. In contrast, during midday (10-14h) the parents practically cover the 
nest continuously. 
Discussion 
The repeatability estimates indicate that, for a given nest, total and, to a lesser degree, 
male incubation are consistent whereas female incubation is not consistent. Although 
our results are based on a small sample size (n=8), the trend is interesting in the context 
of sexual selection. The strength of selection process partially depends on the 
consistency of the trait. For example, females may prefer males when male parental care 
is at least to some degree consistent across breeding seasons. Consistency in male care 
but not in female care has also been reported in house sparrow Passer domesticus in 
which feeding rates of males, but not females, were highly repeatable across years 
(Nakagawa et al. 2007). Similar to Kentish plovers, the repeatability of incubation effort 
was low to moderate in house sparrows. 
Our study provided two further major results. Firstly, ambient temperature had a 
significant influence on incubation behaviour, and the relationship was non-linear. 
Incubation behaviour decreased with ambient temperatures until reaching the 
(presumed) optimal temperature for embryo development, and increased when ambient 
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 temperature exceeded the optimal egg temperature. Secondly, the increase in ambient 
temperature has important implications for parental cooperation during incubation, 
whereby Kentish plover parents showed far tighter coupling in their incubation 
behaviour when the daytime ambient temperature was high. The tightly mirrored 
responses appeared in midday when parents maximised total incubation whilst 
simultaneously minimising their own contribution (and heat load), reaching an 
apparently stable overall share of 50% each.  
In agreement with the results of our study, Purdue (1976) reported that 
attendance at snowy plover Charadrius alexandrinus nivosus nests increased during hot 
parts of the day. During these times the intervals between shifts are diminished, whereas 
in late afternoon the attendance of parents decreased, possibly because the latter period 
was suitable for peak foraging activities and ambient temperature do not harm the 
embryo. Amat and Masero (2004a) suggested that hot ambient temperature may limit 
incubation bouts, since females may be incapable of incubating the clutch for long 
periods at extreme temperatures. Hence the males’ proportional increase in diurnal 
incubation can lead to short incubation bouts by females in midday when parental care 
is most difficult. The responses of plover parents, however, appear to be different 
between populations, since in Germany, close to the northernmost edge of their 
breeding distributions, female Kentish plovers incubated over 80% whereas males 
incubated less than 20% during 10-18h in a temperate environment where temperatures 
are below 35 °C (Rittinghaus 1961). 
An alternative explanation for the tight division of incubation is coercion: the 
female coerces the male to work harder. It would need experimental test to separate 
whether the male or female drives the tighter pattern although we argue that female 
coercion is unlikely, because the body sizes of males and females are similar and both 
sexes are equipped to fight (Kosztolányi et al. 2006, see further arguments above). 
Results of this study may be important for two reasons. Firstly, they suggest that 
incubation may put adults under severe heat stress in ground-nesting birds in a desert 
environment (see also Amat and Masero 2004a). However, interrupting incubation for 
more than a few minutes would be lethal for the embryos (Amat and Masero 2004a). 
These conditions should favour tight coupling of parental behaviour, and the overt 
cooperation observed; the adults thereby reduce risk to themselves and their eggs. Males 
may be forced to participate in daytime incubation because the female can not manage 
the task alone and otherwise the embryo would die. Thus, extreme temperatures may 
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 increase the level of cooperation and reduce their sexual conflict over care (Amat and 
Masero 2004a). 
Secondly, our results imply that once the eggs have hatched the risk factors 
associated with high ambient temperature are reduced; the chicks become mobile, adults 
and young have a suit of new behaviours to thermoregulate such as bathing or move 
under shades. Since the chicks are more independent, desertion of one of the parents 
may become less costly. Biparental care with high parental cooperation may still be 
favoured by other environmental variables such as localised food distribution and high 
predation on the chicks. On the one hand, Kosztolányi et al. (2006) found that when 
food distribution was patchy, the density of plovers and competition between plover 
families increased. Parents spent more time defending their young and biparental brood 
care lasted for longer when food was abundant but localised. On the other hand, Fraga 
and Amat (1996) found that biparental care was longer in an inland saline lake with 
heavy predation by gull-billed terns Sterna nilotica than in other populations. 
Our results display the behaviour captured by real-time negotiation models 
(McNamara et al. 1999) which propose that parents negotiate their effort by responding 
to each other during a given breeding period. Several lines of evidences support these 
arguments. First, females desert more often than do males and the desertion normally 
occurs after hatching (Warriner et al 1986; Székely and Williams 1995; Székely and 
Cuthill 2000; Kosztolányi et al. 2003; Amat et al. 2000). The desertion is more likely 
when environmental conditions are good because one parent will be enough to look 
after the chicks (Kosztolányi et al. 2006; Fraga and Amat 1996). Second, females 
mainly incubate through the daylight hours, whereas males incubate during the night 
(Fraga and Amat 1996; Kosztolányi & Székely 2002), however if the workload 
becomes unbearable for one parent alone, as shown in this study during the hot hours, 
the male will assist in incubation. It is not yet known what may drive the diurnal versus 
night-time shift between sexes, although it seems different shorebird species exhibit 
different daily routines. Third, the participation of male in diurnal incubation in hot 
environments is greater in exposed sites than in covered ones (Amat and Masero 
2004b). 
In conclusion, this study suggests hot environment favours cooperation between 
Kentish plover parents during incubation. The increased parental cooperation is 
probably essential, since a single parent cannot protect the eggs and/or itself from 
overheating. If cooperation is enhanced by high ambient temperature, with changes in 
global climate we may see implications on breeding systems in near future. 
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 Experimental analyses of male-female interaction during incubation, and comparing the 
incubation responses of males and females across different plover populations appear to 
be viable options to reveal the relationship between ambient environment and parental 
cooperation. 
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Fig. 1 Ambient temperature (top panel), and incubation by male (●), female (○) and 
both parents (■) at Kentish plover nests in Abu Dhabi (mean ± SE for each two-hour 
time period, n is the number of nests used in the analyses). 
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Fig. 2 Total incubation (%) in relation to ambient temperature (°C) in two-hour periods: 
observed and fitted values (*) are shown from mixed-effects model (see Methods for 
details). 
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Fig. 3 Male incubation (%) in relation to ambient temperature (°C) in two-hour periods: 
observed and fitted values (*) are shown from mixed-effects model (see Methods for 
details). 
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Fig. 4 Female incubation (%) in relation to ambient temperature (°C) in two-hour 
periods: observed and fitted values (*) are shown from mixed-effects model (see 
Methods for details). 
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Fig. 5 Female incubation (%) and male incubation (%) in two-hour periods: observed 
and fitted values (× female incubation as response, + male incubation as response) from 
mixed-effects model (see Methods for details). The grey line (-1 slope) shows the 100% 
total incubation threshold. Each dot represents a nest. 
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Rationale 
The Kentish/snowy plover Charadrius alexandrinus is a small cosmopolitan shorebird 
(body mass about 40-44 g). In the last few years we have developed a suite of methods 
to investigate its behaviour and ecology in the field. We thought this practical guide 
may be useful for students and researchers with an interest in small plovers. Some 
aspects of these methods may be relevant for other shorebirds and ground-nesting birds 
in general. 
 
Our fundamental motivation in writing this guide is to show that the Kentish plover is 
an easy species to work with, if one is willing to pay attention to a few potential pitfalls. 
We hope that this guide will elicit further research. Please contact us if you have 
questions and comments, and let us know of any errors. Note that Kentish plovers have 
been studied in several countries and by a good range of researchers, and we don't claim 
that our methods work best. 
 
Many Kentish plover populations are now declining. You need to be sensible about 
fieldwork, and carefully evaluate the costs and benefits of using a particular method. 
The last thing you want is to put an extra burden on plover populations - they have a 
hard time anyway to cope with predators, floods and threats humans are imposing upon 
them. 
 
Please cite this work as   Székely, T., A. Kosztolányi & C. Küpper. 2008. Practical guide for 
investigating breeding ecology of Kentish plover Charadrius alexandrinus. Unpublished Report, 
University of Bath. 
Essential breeding ecology 
Good reviews of Kentish/snowy plover (KP henceforward) natural history can be found 
elsewhere (Cramp & Simmons 1983, Page et al. 1995, Amat 2003), and here we only 
focus on essential aspects. KPs are migratory in most parts of their range, although 
populations close to the equator are only partially migrant or resident. They breed on 
edges of saline lakes and lagoons, and inhabit salt-marshes and sand dunes. Their 
breeding season usually lasts for about 2-5 months; populations in the north tend to be 
single-brooded, whereas southern breeders may double (or triple) brood. Failed breeders 
often re-nest. 
 
Adult males and females have dimorphic plumage. Males have incomplete black breast-
bands, black eye-stripes and a black frontal head bar, whereas these areas are pale 
brown in females. Males also sport a cinnamon nape and crown, although there is a 
substantial plumage variation among breeding populations. In early breeding season the 
sexes are easy to distinguish, whereas the difference in plumage between sexes becomes 
blurred as the season progresses. 
 
Kentish plovers lay their eggs in a small depression on the ground scraped by the male. 
The modal clutch size is three eggs, and the eggs hatch after 25-26 days of incubation. 
Both sexes incubate the eggs; females incubate mostly during the day, and males 
incubate mostly during the night. The parents lead the chicks away from the nest-scrape 
within a few hours of hatching. The parents attend, brood and defend their chicks for 
about 4-5 weeks, but they don't provide food for them. One parent (the male or the 
female) often deserts the brood, and re-nests with a new mate. Thus many KPs are 
socially monogamous, although both polygyny and polyandry occur in most populations 
that have been studied to date. 
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Searching for nests 
Equipment needed: binoculars, spotting scope, mobile hide (see Appendix 1) or car.  
 
There are three main methods of nest search: 
(i) On foot. Potential breeding sites can be screened by walking and searching for nests. 
Empty nest scrapes (with or without some nest materials) often indicate the presence of 
active males. On sand dunes, the plover footprints tend to concentrate around their 
nests. On salt marsh, it is worth looking for sites that are somehow more elevated from 
the rest, so that the nest is less prone to flooding. Objects that break monotony of the 
ground (e.g. debris, deep footprints, drift-wood) are often preferred locations. Eggs in 
fresh (or incomplete) nests tend to be fully exposed, and as incubation progresses nest 
materials gradually accumulate so that the eggs may be nearly completely covered. 
 
(ii) Spotting incubating parents. The observer should sit on an elevated vantage point 
(such as a dyke or on a sand bank), or inside a car or mobile hide. Incubated plovers can 
be spotted by their distinctive white breast, or their contour against the background. 
Sitting plovers can be easily distinguished from incubating ones: the incubating parents 
appear to have bulging breasts, and when they run off the nest they often throw nest 
materials towards it. The behaviour of non-incubating plovers is more relaxed; they 
often preen and alternate between sitting and standing, and they don’t have the typical 
shaking moves of incubating parent when settle on the eggs. 
 
When using a mobile hide (Appendix 1) it is a good idea to move for a stretch of 40-50 
m, and then stop and look around using both binoculars and spotting scopes. Make sure 
you screen the same spot from different positions – you may be surprised how many 
nests you miss by superficially looking around. It is worth checking the area close to the 
hide, because some plovers continue incubating until the hide is only a few meters from 
them. Make sure you screen your path very carefully to avoid pushing the hide over a 
nest. 
 
Make notes about males that are advertising and defending a particular spot, and pairs 
that are profusely display, scrape and copulate. A few days later you may find their nest 
– although this is not guaranteed since many unmated males and pairs eventually nest 
elsewhere. 
 
(iii) Watching parent(s) returning to the nest. Plovers can be very tolerant of observers 
inside a car or hide, but they are wary of observers on foot. The flushed parents may run 
back to the nest in a straight line, although cautious individuals may zigzag, or exhibit 
seemingly foraging movements whilst gradually approaching their nest. Carefully note 
the location where the plover disappeared from your sight: often this is a telltale of a 
nest.  
 
Beginners often confuse false-brooding (a form of nest defence) from real incubation; 
the former is usually exhibited to observers on foot, and they can be displayed in 
unsuitable habitats (e.g. in shallow water or wet mud). If you spot a nest from a 
distance, you need to walk to the nest in a straight line whilst fixing your eyes on the 
suspected nest location. Many nests are well camouflaged, and a mistake of 1 m may 
mean you can’t see the eggs even though they are right in front of you. Watch your 
steps near nests and ignore the displaying parents: the last thing you want is crushing 
the eggs. 
 
If you flush several plovers, it is a good practice to choose the most anxious plover (the 
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one that does lots of head-bobbing and short abrupt runs), and then follow his/her 
movements for 10-15 minutes. Bear in mind that if a plover is very agitated, for instance 
it zigzags for 5-10 minutes in front of you or tries to lure you away; these often mean 
you are too close to their nest (or chicks). You need to carefully reverse and let the 
parents return to their nest (or brood). 
 
Carry out nest search sensibly, especially if the weather is very cold or hot: by keeping 
the parents away from their nest, you may fatally expose the eggs. A good practice is to 
work swiftly and efficiently in a location, and move to a different location as soon as 
possible to let plovers resume their normal life. It may take years to figure out and 
avoid ‘the elephant in a china shop’ effect, but the sooner you start realising your 
potential effects the better. 
Measuring and checking nests 
Equipment needed:  Nest notebook, GPS device, sliding calliper, small jar filled with 
fresh water.  
 
Once a nest is located, you need to record the essential data (Appendix 2). Work 
efficiently and don't spend more than 5-10 min at the nest: this is NOT the place to 
celebrate, or discuss the latest gossips. Try to leave as few footprints as possible, and 
don't approach the nest if visual predators (e.g. rooks, shrikes) or humans are around. If 
you suspect that nocturnal predators (e.g. foxes, hedgehogs, jackals) may locate the nest 
using your scent, you should avoid approaching nests and handling eggs in late 
afternoons and in the evening. 
 
We note the nest and egg number on the blunt end of egg using black permanent 
marker, e.g. 34/2. These numbers are helpful when you only find egg shell remains. 
People often worry about the harmful effect of marker solvent on embryonic 
development: we have not seen any evidence of this. 
 
You need to measure egg length and breadth using a sliding calliper (Figure 1). Hold 
the egg horizontally in your palm, and then gently push the sliding calliper downwards 
and simultaneously pull apart the jaws of the calliper. Record the measurement when 
the egg squeezes through between the jaws for the first time. Do NOT force the calliper: 
the eggshell is thin, and can easily break. 
 
 
 
 
 
 
 
Figure 1. Process of measuring eggs (from left to right) as illustrated with a hen egg. 
To get accurate measurements, you may repeat the process three times and take the 
median of readings. Note that nothing comes free: this will increase the amount of time 
you spend at the nest.  
 
If a nest is found after egg-laying is completed, you may need to estimate egg-laying 
date by floating the eggs in lukewarm water. Use a small transparent jar for this purpose 
(honey and jam jars work best). Hold the egg firmly between your fingers whilst placing 
it in the jar: do NOT drop the egg (Figure 2). The jar should be wide enough to let you 
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hold the egg firmly, and short enough to allow safe removal of egg with your fingers. 
Do NOT roll (or pour) the egg from the jar. It is a good idea to wipe the egg to remove 
water droplets, and float only one or two eggs of a clutch. 
 
 
Figure 2. Placing an egg into a floating jar. 
 
We use two methods for estimating the number of incubated days (see also Fraga & 
Amat 1996). 
 
(i) Noszály & Székely (1993) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These flotation stages correspond to the number of incubated days as calibrated in 
Southern Turkey (J Kis, unpublished data). Note that stage F can be anything between 
10 days and 25-27 days: 
 
Incubation stage 
 
A AB B C D E F 
,umber of days incubated 
(mean ± SE) 
 
0 ± 
0 
 
0.8 ± 
0.3 
 
2.4 ± 
0.4 
 
5.0 ± 
0.7 
 
8.0 ± 
0.7 
 
10.0 ± 
0.8 
 
11.2 ± 
1.2 
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,umber of eggs used for 
calibration 
 
5 
 
7 
 
7 
 
6 
 
3 
 
3 
 
3 
 
 
(ii) Olivier Pineau (Tour du Valat Biological Station, France) has designed the 
following chart: 
 
 
 
It is a good idea to write down a concise description of nest location in your Nest 
notebook (see below), the distances from landmarks (for instance, a small bush, grass 
patch or a peculiar piece of rubbish), and make a sketch. This may seem old fashioned 
given the accuracy of handhold GPS devices, although experience shows that the notes 
help visualising the spatial distribution of nests so that make fieldwork efficient. For 
remembering digits of coordinates may require photographic memory, whereas 
associating a nest with a particular landmark is easy: ‘S6 is 4 m south from the blue 
shoe’. If you decide to use UTM coordinates these will give you the distances in meters. 
 
A plastic straw at a sufficient distance from the nest (e.g. 10 - 15 m) in a standard 
direction will speed up relocating the nest. Be sensible and remove straws if you suspect 
that people (or clever predators) may use them as clues. Collect the straws once all 
chicks have hatched or the nest has been predated. Straws are not foolproof either: 
grazing sheep and cattle often fancy chewing them. 
 
Nests may be checked at 4-5 days intervals to estimate egg survival. If possible, stay at 
a distance from the nest and don't handle the eggs. Near the time of hatching 
219
(approximately after the 22nd day of incubation), it is a good idea to check nests daily 
and tap the eggs gently. To ring the downy chicks in the nest-scrape, you may need to 
check peeping eggs 2-3 times each day. Eggs may peep for 2-3 days before hatching, 
although some peculiar chicks may pop out without much peeping. Near hatching you 
may also notice minute cracks on the eggshell; these may be sensed by gently turning 
the eggs between your fingertips. Tiny eggshell remains in the bottom of nest scrape let 
you identify successful nests for a few days after the chicks left the scrape. In contrast, 
chewed pieces of eggshell or egg remnants around the nest are telltale of predation: to 
figure out the culprits you need to use nest cameras. 
 
We devote a full (or half) page for each nest in our Nest notebook, so that all data for a 
given nest are on a single page (Appendix 2). Bear in mind that incubation often speeds 
up toward the breeding season, so that nests laid late in the season may hatch faster than 
you expect. Small clutches (1 or 2 eggs) also have the tendency to hatch sooner than 
clutches of three. 
Trapping at the nest 
Equipment needed: traps, bird bag, binoculars and/or spotting scope. 
 
Shorebird biologists use a variety of methods to trap plovers, including noose mats, 
mist-nets and funnel traps (see Conway & Smith 2000 for references). We found funnel 
traps by far the most reliable, safe and easy. Not all plovers can be caught; it is best to 
start with a simple method and get complicated ONLY if it is essential to trap a given 
individual. Bear in mind that the harder you push a parent the higher the chance it will 
abandon the nest. 
 
(i) Funnel trap. The diameter of the trap is about 50 cm, and its height about 20-25cm 
(Figure 3). Use a local blacksmith to weld a frame from strong wire, and cover the 
frame with chicken wire of mesh size < 3cm in diameter. All sharp edges of the chicken 
wire should point outward to avoid injuring the trapped plover. It is good practise to 
check the traps weekly to make sure that all sharp edges remain outward. There is a 
slight preference for allowing the entrance width to vary (Figure 3b & c versus Figure 
2a), to accommodate the needs of very cautious and crafty plovers that runs in-and-out 
the trap. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
(b) 
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 (c) 
Figure 3. Funnel traps. 
 
1. Place the trap on the nest. You may position the nest in one of the 'corners’ of the 
trap (Figure 3c), or in the middle (Figures 3 a & b). The former is safer in terms of 
trapping the parent, although it may take longer for the parent to enter the trap. 
2. Hide at least 50m away from the nest to have a good view of the trap entrance. 
Watch out for humans, livestock herds and predators so they do not damage the trap, 
and/or the parents. 
3. If a parent has entered the trap and sat on the eggs, you should run to remove it from 
the trap: quick actions will reduce stress and the chance of injury. When trying to 
grab the parent inside the trap you need to be careful to avoid damaging the eggs, or 
injuring the plover or yourself. 
 
Females are usually easy to catch early in the morning and males just before dusk. Do 
NOT trap at extreme weather conditions such as raining, scorching heat or piercing 
cold. If it is essential to trap during the heat of the day, you either (i) shade the eggs by 
placing a flat object on the top of the trap (dry cow dung just works fine), or (ii) replace 
the eggs with dummies. Traps should not be left on the nest for excessive periods - the 
definition of 'excessive' is up to you, but it is rarely sensible to go beyond 20-30 
minutes. Instead of forcing your way through, it is better to repeat trapping 2-3 days 
later. 
 
You should NOT trap at a nest that has been incubated for less than 4-5 days. Also, if 
both parents happen to enter the trap simultaneously, release one immediately to let 
him/her incubate the nest whilst you measure and ring the other. 
 
(ii) Round trap. If the funnel trap fails, you can try the round trap (Figure 4) on a 
different day. It takes longer to set up than the funnel trap, and you will need more time 
to retrieve the fishing line. Also, bear in mind that you may need special permission to 
use this trap.  
 
To make a trap you need a ring (approx 80 cm diameter) of wire (or iron) about 0.5 cm 
diameter. Attach a loose fishing net to the ring using a threat all around - the less visible 
the net the better. Avoid shiny materials. You will also need a stick (reed or bamboo, 
about 40 cm), 2-3 pegs to hold the circle firmly on the ground, and fishing line with a 
reel to hold about 100 m of fishing line.  
 
Set up the trap about 15 cm from the nest so the ring is well above the nest. Attach the 
fishing line to the stick, and firmly hold the other end of the fishing line in your hide (or 
car). After the parent has resumed incubation, pull the fishing line with one quick and 
strong motion so that the ring falls to the ground. Make sure that the pegs are strong 
enough to keep the trap in its place, and the fishing net is loose enough that the parent 
will not be injured. 
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Figure 4. The round trap. 
Ringing and measuring 
Equipment needed: Metal rings, colour rings, ringing pliers, sliding callipers, wing 
ruler, spring balance, Capture notebook. 
 
Ringing should follow the general protocols for a given country. Please stick to the 
rules. A useful reference is Redfern & Clark (2001). Before ringing plovers, especially 
freshly hatched chicks, you need to get advice from a trained ringer. As with nests, 
work efficiently during ringing; release the bird as soon as possible. 
 
Appendix 4 summarises the main data we advise collecting from plovers. Kentish 
plovers usually live in saline environments, therefore rings made of non-corrosive 
material (e.g. steel) are preferred over aluminium ones. You may put the metal ring 
above the 'knee-joint' to reduce corrosion.  
 
Darvic colour rings are resistant to sunlight and environment, and we prefer to use 
overlapping colour rings (as opposed to split rings): White, Yellow, Orange, Red, 
Green, light green and dark Blue are easily distinguishable. Avoid black, dark brown 
and light blue. Countries may have their own colour ringing scheme, although overall, 
we do not recommend using more than four rings on a given plover (Figure 5, three 
colour rings and one metal ring). Leg flags are spreading among shorebird biologists: 
the pros and cons of leg flags need to be established. The safest ring position we found 
was one ring each above and below the 'knee-joint' on each leg. Chicks younger than 
three weeks should only be fitted with a metal ring and one colour ring at most. Note 
that colour rings may attract the attention of predators and bright colours such as 
Orange and Yellow are best avoided for chicks.  
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Figure 5. Schematic illustration of a coding system. The sketch shows a plover from 
behind. 
 
You may start a series with a given ring in Colour_1 position. Then choose Colour_2 
and Colour_3 using the following chart, and cross the already used combinations: 
 
 
 
The scheme can be noted as XX.XX|XX.XX  where X indicates a colour (or Metal) ring, 
the full stop marks the position of 'knee-joint' and vertical line divides the left and right 
leg. Thus the readout is left above . left below | right above . right below. For example, 
if Colour_1 is Blue, then the above plover is coded as B.M | R.W 
 
This scheme may give 7 x 7 x 7 = 343 individuals. By rotating the location of Metal 
ring you can ring up to 1372 individuals. 
 
Appendix 5. provides a guide how to take body measurements.  
Blood and tissue sampling 
Equipment needed: sterile needle (size 25G or 23G), glass capillary, tubes with buffer 
or ethanol, small piece of tissue paper. 
 
Blood sampling: Blood sampling is one of those things you need to see in person. We 
do our best to describe the methods here and provide pictures for the important steps, 
but this may not replace the demonstration by an experienced person. Before you think 
about practical issues, make sure that you have all necessary permissions: blood/tissue 
sampling permit, if you work in a foreign country hen you will need export and import 
permits. Bear in mind that it can take several months for the authorities to issue these 
permits, so submit the applications well in advance of the field season. With the 
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 emergence of avian influenza, there will be regulations that need to be heeded, on top of 
the usual legislative, health and safety issues. 
 
From adults take the samples from their brachial (wing) vein. First, open the left wing 
of the plover whilst holding it on its back (if you're left-handed, this may be the right 
wing). Then push apart the inside wing covers to make the area clearly visible around 
the wing vein. Gently wetting the inside wing covers helps to clear the area around the 
vein. This vein can be spotted as it crosses over a wing-bone. Second, hold a sterile 
needle flat on the wing, and with a single move puncture the vein; do NOT insert the 
needle into the vein itself. The rule is to pierce ONLY if you clearly see the vein; do 
NOT pierce by trial & error: this could easily injure (or kill) the bird. Suck the drops of 
blood into a capillary - usually a couple of droplets come out. Press the tissue paper on 
the wound, hold for about 20 s and fold back the wing to the body with the tissue on the 
wound. Bleeding usually stops within a few seconds. However, check before releasing 
the bird that the bleeding has stopped. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Blood sampling of adult plovers. Upper row: stretching the wing (left) and 
locating the brachial vein (middle), puncturing the vein with a 25G needle (right). 
Lower row: Filling the capillary with 25 µl of blood (left), stopping the bleeding by 
pressing a tissue to the wound (middle,) and after 20 s folding the wing with the tissue 
on the wound to the body (right). 
 
From chicks take blood samples from their leg vein. If you look carefully at the leg of a 
chick, you will see the vein goes along the inside of the tarsus at the 'knee-joint'. 
Carefully puncture the vein and collect about 25µl (1-2 droplets, a third of a 75 µl 
capillary) of blood. Make sure that the needle only pierces the vein and does NOT 
penetrate the bone or the muscles. Press a small piece of tissue paper on the wound to 
stop bleeding. Do not wipe off the blood with the tissue as it removes already 
coagulated blood from the wound and bleeding starts again. Empty the content of the 
capillary into an Eppendorf tube that contains Queen's lysis buffer (QLB, Seutin et al. 
1991), or a rubber sealed tube that contains pure ethanol. This is most easily done by 
either gently blowing the blood out of the capillary or more hygienically, using a pipette 
aid. 
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Figure 7. Blood sampling from chicks. 
 
There are several ways to store the blood for genetic analyses; we recommend using 
QLB or ethanol. The DNA is preserved in both cases for many years, and it can be 
extracted using automated methods. Ethanol is cheap and can be obtained in most 
pharmacies. However, ethanol is inflammable and airline carriers might refuse to 
transport your samples stored in ethanol. Ethanol also evaporates easily, which means 
you have to make sure that the tube is tightly closed with the rubber sealed cap. QLB 
needs to be prepared in a lab before the field season (protocol after Yezerinac see 
Appendix 9), and aliquoted into 1.5 ml Eppendorf tubes. It’s not inflammable, does not 
need to be refrigerated in the field and is easier to handle in the lab and therefore our 
preferred buffer. If you use QLB make sure that you do not exceed the ratio of 25 µl of 
blood per 1ml of buffer. Otherwise the DNA will not be protected and may start 
degrading over time. 
 
The sample tubes should be carefully labelled: ring number, date, location and sex/age 
(if known). Samples can be stored at room temperatures for several months, although a 
refrigerator is preferred.  Ethanol samples are best stored at –20 ºC – +4 ºC for long 
term. Don’t store them below these temperatures, because the ethanol will freeze and 
the DNA might be damaged. 
 
Tissue sampling: Tissue sampling is particularly useful for dead plovers or embryos. 
We usually take a tiny piece of leg muscle and preserve it in ethanol. A few mm³ tissues 
are enough. DNA in dead bodies degrades fast particularly in warm environments due 
to the work of enzymes such as DNAses. The best is to make sure that (some) DNA is 
preserved is by cutting the tissue with a sterile blade into small pieces so that the cells 
get smashed, and get in contact with ethanol which inhibits the enzyme activity. The 
storage conditions are the same as for blood. 
Trapping with chicks 
Equipment needed: traps, tea-sieve, bird bag, binoculars and/or spotting scope. 
 
It is possible to trap parents with chicks up to about 2 weeks of age. First, you need to 
catch ALL chicks in a brood, and carefully place the chicks under a tea-sieve (or 
strainer) large enough for all chicks. The sieve needs to be fixed on the ground with 2-3 
pegs. Second, place a trap (funnel or round) over the sieve as you would do with the 
nest (Figure 3c). You may cover the bottom 10-15 cm around the trap with mud (or 
plant leaves) from the outside to block the direct view of parents of their chick; leave 
the funnel entrance open, however. This tends to entice parents to enter the trap. 
 
If you’re lucky enough to trap both parents, then you should keep the chicks in a warm 
place to avoid overcooling, and release them at the same time as the parents. If one 
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 parent was caught and the other parent is around the family, you may release the 
chick(s) whilst measuring the caught parent, because the other parent will take over 
brood care. You should release ALL chicks at the same time in the location where you 
caught them. 
Checking broods 
Equipment needed: binoculars, spotting scope, notebook, GPS device, mobile hide or 
car 
 
Chicks are precocial so that they often wander over kilometres from the nest. Therefore, 
it is challenging to establish whether the chicks have fledged or died. We recommend 
revisiting marked families every 2-4 days, and recording the number and sex of 
attending parents, and the number of chicks (Appendix 6). 
 
If you capture a brood that has not been marked before, you can estimate the age of 
these chicks by using a formula (Székely & Cuthill 1999). Since tarsus grows 
approximately linearly until the age of 25 days (as opposed to body mass that initially 
drops, and then accelerates), linear estimates appear to be acceptable: AGE (in days) = 
2.520 * TARSUS (in mm) - 48.341. 
 
It is a good idea to spend at least 15 minutes with each family to count all chicks and to 
establish whether both parents are still attending the brood. Brood desertion may not be 
permanent, so you need a few visits to make certain of desertion by one (or the other) 
parent. Marking chicks with different colour rings can help to establish which chicks are 
still alive. Brood mixing does occur in the KP, thus it makes hard to separate mortality 
from adoption. 
 
Broods can be efficiently checked and recaptured at night using a powerful spotlight. 
We also caught parents using the tea-sieve method at night. Most chicks, even those 
beyond 20 days, are brooded at night so that they are easy to count. In addition, 
capturing chicks at night appears less distressing than during the day. An extra bonus of 
captures at night is that next day the parents are not bothered about you, whereas 
chasing chicks during daytime may force the parents to move with their chicks to a 
different brood-rearing site. You need to work carefully at night: you must know your 
study site and the whereabouts of the plovers to avoid getting stuck, or squashing nests 
and families. Night time fieldwork has implications on safety: your best interest is to 
check this out.  
Resightings 
Equipment needed: binoculars, spotting scope, GPS device, notebook, mobile hide or 
car. 
 
To build up a dataset on the movements of individuals, it is a good practice to note the 
location of colour-ringed plovers (Appendix 7). Every time you spot a colour-ringed 
individual, we recommend noting basic information as well, for instance on behaviour 
and possible pair-bonds. 
 
A very useful summary file is ‘BirdRef’ (Appendix 8) that includes the identity (e.g. 
ring number) of all family members. In addition to captures and recaptures, you may 
also use unambiguous resightings to establish the identity of a family member. BirdRef 
can be linked to different files (e.g. nests, captures, behaviour), so this file is often the 
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 backbone of statistical analyses. 
,otebooks 
It is good practice to have two A5-sized notebooks for fieldwork (one for nest data i.e. 
Nest notebook, and one for captures i.e. Capture notebook), and a one-page-a-day diary. 
In the latter you may also note brood observations and resightings. In the diary, it is a 
good idea to record the major activities relevant to a given day (e. g. 5 May: 5.50 start 
fieldwork; 5.55 trapping at B1/2 nest, 6.15 measuring & ringing female at B1/2....). 
These notes can be essential when you need to clarify the circumstances of an 
experiment, or reconstruct the details of an important observation. 
 
 
 
************************************ Disclaimer *********************************** 
Please note we will not take responsibility for any consequences of the use (or misuse) 
of this guide. You need to check the regulations and legislations in your country and 
where fieldwork is carried out. We did not deal with many essential conceptual and 
practical issues for successful fieldwork (e. g. research hypotheses, experimental 
design, experimental protocols, logistics): to overcome these hurdles you need to be 
innovative.  Good luck! 
******************************************************************************************* 
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5
.1
. 
T
h
e 
m
in
im
u
m
 t
ar
su
s 
m
et
h
o
d
. 
Im
ag
e 
fr
o
m
 R
ed
fe
rn
 a
n
d
 C
la
rk
e 
(2
0
0
1
).
 
      
T
h
er
e 
is
 a
lw
a
y
s 
so
m
e 
v
ar
ia
ti
o
n
 i
n
 t
ar
su
s 
m
ea
su
re
m
en
ts
 b
et
w
ee
n
 p
eo
p
le
. 
T
o
 k
ee
p
 t
h
is
 v
ar
ia
ti
o
n
 a
t 
a 
m
in
im
u
m
 i
t 
is
 i
m
p
o
rt
an
t 
to
 k
ee
p
 b
ir
d
 a
n
d
 l
eg
 i
n
 a
 
st
an
d
ar
d
is
ed
 w
a
y
 a
n
d
 k
n
o
w
 e
x
ac
tl
y
 w
h
at
 y
o
u
 w
an
t 
to
 m
ea
su
re
. 
 
W
e 
m
ea
su
re
 t
h
e 
m
in
im
u
m
 t
a
rs
u
s 
o
f 
p
lo
v
er
s.
 I
f 
y
o
u
 d
o
 i
t 
fo
r 
th
e 
fi
rs
t 
ti
m
e,
 t
ak
e 
a 
m
o
m
en
t 
o
f 
ti
m
e 
to
 f
ee
l 
fo
r 
th
e 
ta
rs
u
s 
b
o
n
e 
w
it
h
 y
o
u
r 
fi
n
g
er
 t
ip
, 
b
ef
o
re
 
ap
p
ly
in
g
 t
h
e 
ca
ll
ip
er
. 
T
h
en
 h
o
ld
 t
h
e 
b
ir
d
 f
ir
m
ly
 i
n
 y
o
u
r 
h
an
d
, 
w
it
h
 t
h
e 
h
ea
d
 b
et
w
ee
n
 i
n
d
ex
 a
n
d
 m
id
d
le
 f
in
g
er
 i
n
 t
h
e 
so
 c
al
le
d
 r
in
g
er
’s
 g
ri
p
. 
T
h
e 
le
g
 y
o
u
 
w
an
t 
to
 m
ea
su
re
 s
h
o
u
ld
 b
e 
al
ig
n
ed
 p
ar
al
le
l 
to
 t
h
e 
m
ai
n
 a
x
is
 o
f 
th
e 
b
o
d
y
. 
T
ar
su
s 
an
d
 t
ib
ia
 s
h
o
u
ld
 b
e 
in
 a
n
 a
n
g
le
 o
f 
9
0
° 
as
 s
h
o
w
n
 o
n
 t
h
e 
p
ic
tu
re
. 
T
h
e 
le
g
 
an
d
 t
h
re
e 
si
d
es
 o
f 
th
e 
ca
ll
ip
er
 (
ru
le
r 
an
d
 t
h
e 
tw
o
 b
ra
ck
et
s)
 s
h
o
u
ld
 f
o
rm
 a
 r
ec
ta
n
g
le
. 
F
ix
 t
h
e 
ta
rs
u
s 
u
si
n
g
 y
o
u
r 
th
u
m
b
 a
n
d
 y
o
u
r 
ri
n
g
 f
in
g
er
. 
O
p
en
 t
h
e 
ca
ll
ip
er
 a
n
d
 p
re
ss
 t
h
e 
b
ra
ck
et
 u
n
ti
l 
th
e 
ta
rs
u
s 
is
 f
ir
m
ly
 b
et
w
ee
n
 t
h
e 
ad
ju
st
ab
le
 a
n
d
 f
ir
m
 b
ra
ck
et
. 
C
h
ec
k
 t
h
e 
p
o
si
ti
o
n
 o
f 
th
e 
b
o
n
e,
 i
f 
it
 s
ti
ll
 a
s 
sh
o
w
n
 i
n
 
F
ig
u
re
 A
5
.1
 y
o
u
 a
re
 f
in
e,
 i
f 
n
o
t 
re
ad
ju
st
 t
h
e 
le
g
. 
T
h
en
 p
re
ss
 t
h
e 
ad
ju
st
ab
le
 b
ra
ck
et
 g
en
tl
y
 u
n
ti
l 
y
o
u
 f
ee
l 
so
m
e 
re
si
st
an
ce
 b
y
 t
h
e 
en
d
 o
f 
th
e 
b
o
n
e.
 N
o
te
 
th
e 
m
ea
su
re
m
en
t 
to
 t
h
e 
n
ea
re
st
 1
/1
0
 m
m
. 
R
ep
ea
t 
th
e 
p
ro
ce
ss
 t
w
ic
e 
m
o
re
 a
n
d
 t
ak
e 
th
e 
m
ea
n
 o
f 
y
o
u
r 
m
ea
su
re
m
en
ts
. 
 
M
ea
su
ri
n
g
 t
h
e 
ta
rs
u
s 
n
ee
d
s 
so
m
e 
p
ra
ct
ic
e.
 T
h
e 
p
o
in
t 
o
f 
re
si
st
an
ce
 i
s 
u
su
al
ly
 t
h
e 
so
u
rc
e 
o
f 
v
ar
ia
ti
o
n
 b
et
w
ee
n
 m
ea
su
re
m
en
ts
. 
T
h
is
 m
ig
h
t 
le
ad
 t
o
 
d
if
fe
re
n
ce
s 
o
f 
u
p
 t
o
 1
 m
m
 b
et
w
ee
n
 p
eo
p
le
. 
A
t 
a 
to
ta
l 
le
n
g
th
 o
f 
2
5
-3
0
 m
m
 o
f 
ad
u
lt
s 
th
is
 i
s 
q
u
it
e 
a 
lo
t.
 R
em
em
b
er
 t
h
at
 t
h
e 
ta
rs
u
s 
le
n
g
th
 w
il
l 
n
o
t 
ch
an
g
e 
in
 f
u
ll
 g
ro
w
n
 a
d
u
lt
s,
 s
o
 t
h
e 
v
ar
ia
ti
o
n
 i
s 
en
ti
re
ly
 d
u
e 
to
 m
ea
su
re
m
en
t 
v
ar
ia
n
ce
. 
If
 y
o
u
 r
ec
ap
tu
re
 a
d
u
lt
 b
ir
d
s 
la
te
r 
in
 t
h
e 
se
as
o
n
, 
co
m
p
ar
e 
y
o
u
r 
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m
ea
su
re
m
en
ts
 w
it
h
 t
h
e 
p
re
v
io
u
s 
o
n
es
. 
A
n
 a
cc
u
ra
cy
 o
f 
0
.2
-0
.3
 m
m
 i
s 
re
as
o
n
ab
le
. 
F
o
r 
ch
ic
k
s 
m
ea
su
re
m
en
t 
er
ro
rs
 c
an
 b
e 
an
 e
v
en
 b
ig
g
er
 p
ro
b
le
m
, 
p
ar
ti
cu
la
rl
y
 i
f 
y
o
u
 w
an
t 
to
 m
ea
su
re
 g
ro
w
th
 r
at
es
. 
 
A
s 
u
su
al
 b
e 
co
n
si
d
er
at
e 
w
it
h
 t
h
e 
b
ir
d
, 
y
o
u
 d
o
n
’t
 w
an
t 
to
 b
re
ak
 i
t’
s 
le
g
. 
A
ls
o
 d
o
n
’t
 s
tr
es
s 
th
e 
p
lo
v
er
 t
o
 l
o
n
g
 b
y
 p
ra
ct
is
in
g
 e
x
h
au
st
iv
el
y
 t
o
 g
et
 t
h
e 
ex
ac
t 
m
ea
su
re
m
en
t.
 A
ft
er
 s
o
m
e 
p
ra
ct
is
e 
ea
ch
 m
ea
su
re
m
en
t 
sh
o
u
ld
 n
o
t 
ta
k
e 
m
o
re
 t
h
an
 t
w
o
 m
in
u
te
s.
 
 W
in
g
 
 E
q
u
ip
m
en
t 
n
ee
d
ed
: 
W
in
g
 r
u
le
r,
 n
o
te
b
o
o
k
 
F
ig
u
re
 A
5
.2
.W
in
g
 m
ea
su
re
m
en
t 
u
si
n
g
 t
h
e 
m
ax
im
u
m
 c
h
o
rd
 m
et
h
o
d
. 
Im
ag
e 
ta
k
en
 f
ro
m
 R
ed
fe
rn
 a
n
d
 C
la
rk
e 
(2
0
0
1
).
 
          
W
e 
u
se
 t
h
e 
m
a
xi
m
u
m
 c
h
o
rd
 m
et
h
o
d
 a
s 
sh
o
w
n
 i
n
 R
ed
fe
rn
 a
n
d
 C
la
rk
 (
2
0
0
1
).
 A
s 
w
it
h
 t
ar
su
s 
th
e 
p
o
si
ti
o
n
 o
f 
th
e 
w
in
g
 a
n
d
 b
ir
d
 a
re
 i
m
p
o
rt
an
t.
 H
o
ld
 t
h
e 
b
ir
d
 a
s 
sh
o
w
n
 i
n
 F
ig
u
re
 A
5
.2
. 
O
p
en
 t
h
e 
w
in
g
, 
st
ra
ig
h
te
n
 t
h
e 
p
ri
m
ar
y
 f
ea
th
er
s 
an
d
 c
ar
ef
u
ll
y
 s
li
d
e 
in
 t
h
e 
ru
le
r 
as
 s
h
o
w
n
. 
F
o
ld
 t
h
e 
w
in
g
 b
ac
k
 t
h
at
 i
t 
is
 a
s 
cl
o
se
 t
o
 i
ts
 n
at
u
ra
l 
re
st
in
g
 p
o
si
ti
o
n
 a
s 
p
o
ss
ib
le
. 
A
g
ai
n
, 
th
e 
p
o
si
ti
o
n
 o
f 
th
e 
w
in
g
 i
n
 r
eg
ar
d
s 
to
 t
h
e 
b
o
d
y
 i
s 
es
se
n
ti
al
. 
U
si
n
g
 y
o
u
r 
ri
g
h
t 
in
d
ex
 f
in
g
er
 
st
ra
ig
h
te
n
 t
h
e 
al
u
la
. 
M
ak
e 
su
re
 t
h
at
 t
h
e 
al
u
la
 f
al
ls
 i
n
to
 a
 l
in
e 
th
at
 t
h
e 
cu
rv
at
u
re
 o
f 
th
e 
w
in
g
 i
s 
re
d
u
ce
d
 (
F
ig
u
re
 A
5
.2
).
 T
ak
e 
th
e 
m
ea
su
re
m
en
t 
o
f 
th
e 
se
co
n
d
 p
ri
m
ar
y
, 
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th
at
 i
s 
th
e 
lo
n
g
es
t 
fe
at
h
er
 i
f 
n
o
t 
w
o
rn
 o
r 
re
p
la
ce
d
 d
u
ri
n
g
 m
o
u
lt
. 
M
ak
e 
su
re
 t
h
at
 t
h
e 
p
ri
m
ar
ie
s 
ar
e 
n
o
t 
b
ro
k
en
 o
r 
h
ea
v
il
y
 w
o
rn
. 
If
 t
h
ey
 a
re
 m
ak
e 
a 
n
o
te
. 
A
g
ai
n
, 
if
 y
o
u
 m
ea
su
re
 t
h
e 
w
in
g
 l
en
g
th
 f
o
r 
th
e 
fi
rs
t 
ti
m
e 
re
p
ea
t 
th
e 
p
ro
ce
d
u
re
 t
o
 g
et
 a
n
 i
d
ea
 a
b
o
u
t 
y
o
u
r 
m
ea
su
re
m
en
t 
er
ro
r.
 
 W
ei
g
h
t 
 E
q
u
ip
m
en
t 
n
ee
d
ed
: 
P
es
o
la
 s
p
ri
n
g
 b
al
an
ce
, 
co
n
e 
(d
if
fe
re
n
t 
si
ze
 f
o
r 
ch
ic
k
s 
an
d
 a
d
u
lt
s)
, 
n
o
te
b
o
o
k
 
 F
ig
u
re
 A
5
.3
. 
C
o
n
e 
(i
n
 r
ed
) 
fo
r 
m
ea
su
ri
n
g
 w
ei
g
h
t 
u
si
n
g
 s
p
ri
n
g
 p
es
o
la
s.
 
             
W
ei
g
h
t 
m
ea
su
re
m
en
t 
is
 i
m
p
o
rt
an
t 
b
ec
au
se
 i
t 
ca
n
 t
el
l 
a 
g
re
at
 d
ea
l 
ab
o
u
t 
th
e 
co
n
d
it
io
n
s 
o
f 
th
e 
b
ir
d
s.
 F
em
al
es
 c
an
 s
o
m
et
im
es
 c
ar
ry
 e
g
g
s 
w
h
ic
h
 y
o
u
 c
an
 
fe
el
 b
y
 g
en
tl
y
 p
re
ss
in
g
 t
h
ei
r 
b
el
ly
. 
(I
f 
y
o
u
 t
ra
p
 o
n
 t
h
e 
n
es
t 
th
e
y
 s
h
o
u
ld
n
’t
 b
ec
au
se
 y
o
u
 s
h
o
u
ld
 n
o
t 
ca
tc
h
 t
h
em
 b
ef
o
re
 c
lu
tc
h
 c
o
m
p
le
ti
o
n
!)
 
W
e 
u
se
 p
es
o
la
 s
p
ri
n
g
 b
al
an
ce
s 
to
 m
ea
su
re
 p
lo
v
er
s,
 b
u
t 
it
 a
ls
o
 p
o
ss
ib
le
 t
o
 u
se
 e
le
ct
ro
n
ic
 b
al
an
ce
s.
 A
d
u
lt
 K
en
ti
sh
 p
lo
v
er
s 
h
av
e 
a 
b
o
d
y
 w
ei
g
h
t 
o
f 
3
5
 –
 4
5
 
g
, 
so
 a
 5
0
 g
 p
es
o
la
 s
p
ri
n
g
 i
s 
ap
p
ro
p
ri
at
e.
 A
 u
se
fu
l 
d
ev
ic
e 
to
 h
o
ld
 t
h
e 
b
ir
d
 d
u
ri
n
g
 m
ea
su
ri
n
g
 w
it
h
 a
 p
es
o
la
 i
s 
a 
p
la
st
ic
 c
o
n
e 
th
at
 c
an
 b
e 
h
u
n
g
 t
o
 t
h
e 
cl
ip
 o
f 
th
e 
b
al
an
ce
. 
C
al
ib
ra
te
 t
h
e 
sp
ri
n
g
 b
ef
o
re
 m
ea
su
ri
n
g
 t
h
e 
fi
rs
t 
p
lo
v
er
s.
 W
h
en
 y
o
u
 a
re
 r
ea
d
 g
en
tl
y
 f
o
rc
e 
th
e 
b
ir
d
 i
n
to
 t
h
e 
co
n
e 
w
it
h
 t
h
e 
fe
et
 s
tr
et
ch
ed
 o
u
t 
to
w
ar
d
s 
th
e 
ta
il
 a
n
d
 t
h
e 
h
ea
d
 p
o
in
ti
n
g
 t
o
w
ar
d
s 
th
e 
n
ar
ro
w
 e
n
d
 o
f 
th
e 
co
n
e 
(a
s 
sh
o
w
n
 i
n
 F
ig
u
re
 A
5
.3
).
 I
f 
y
o
u
 p
o
si
ti
o
n
 t
h
e 
b
ir
d
 a
s 
sh
o
w
n
, 
it
 w
o
n
’t
 b
e 
ab
le
 t
o
 s
tr
u
g
g
le
. 
N
ev
er
 h
o
ld
 t
h
e 
b
al
an
ce
 b
y
 t
h
e 
tu
b
e,
 b
u
t 
al
w
a
y
s 
at
 t
h
e 
h
o
o
k
 o
r 
lo
o
p
 a
n
d
 m
ak
e 
su
re
 t
h
at
 c
o
n
e 
an
d
 b
ir
d
 h
an
g
 f
re
el
y
. 
F
o
r 
ch
ic
k
s 
y
o
u
 w
il
l 
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n
ee
d
 a
 s
m
al
le
r 
co
n
e.
 N
o
te
 t
h
e 
w
ei
g
h
t.
 R
eg
u
la
rl
y
 c
le
an
 t
h
e 
co
n
es
 a
ft
er
 a
 c
o
u
p
le
 o
f 
d
a
y
s 
m
ea
su
ri
n
g
, 
si
n
ce
 t
h
e 
b
ir
d
s 
o
ft
en
 d
ef
ae
ca
te
 i
n
 t
h
is
 s
it
u
at
io
n
. 
 F
a
t 
 
 F
ig
u
re
 A
5
.4
. 
F
at
 s
co
re
s.
 T
h
e 
fa
t 
d
is
tr
ib
u
ti
o
n
 i
s 
sh
o
w
n
 i
n
 b
la
ck
. 
Im
ag
e 
ta
k
en
 f
ro
m
 R
ed
fe
rn
 
an
d
 C
la
rk
e 
(2
0
0
1
) 
               
 F
at
 p
ro
v
id
es
 a
n
 i
n
d
ic
at
o
r 
ab
o
u
t 
th
e 
co
n
d
it
io
n
 o
f 
b
ir
d
s.
 T
o
 m
ea
su
re
 i
t,
 h
o
ld
 t
h
e 
b
ir
d
 w
it
h
 i
ts
 f
ee
ti
n
g
 p
o
in
ti
n
g
 t
o
w
ar
d
s 
y
o
u
. 
W
it
h
 y
o
u
r 
fr
ee
 h
an
d
 s
li
g
h
tl
y
 
ex
te
n
d
 i
ts
 n
ec
k
, 
th
at
 t
h
e 
fu
rc
u
la
 i
s 
v
is
ib
le
. 
T
h
e 
fu
rc
u
la
 i
s 
lo
ca
te
d
 a
t 
th
e 
b
eg
in
n
in
g
 a
t 
th
ro
at
, 
in
d
ic
at
ed
 b
y
 t
h
e 
b
la
ck
 t
ri
an
g
le
 i
n
 F
ig
u
re
 A
5
.4
.1
. 
B
lo
w
 t
h
e 
fe
at
h
er
s 
at
 t
h
e 
fu
rc
u
la
 a
si
d
e.
 Y
o
u
 n
ee
d
 g
o
o
d
 l
ig
h
t 
co
n
d
it
io
n
s 
to
 s
ee
 t
h
e 
fa
t,
 e
sp
ec
ia
ll
y
 i
f 
th
er
e 
is
 n
o
 o
r 
v
er
y
 l
it
tl
e 
fa
t.
 N
o
te
 t
h
e 
d
ep
o
si
t 
ac
co
rd
in
g
 t
o
 t
h
e 
fi
g
u
re
. 
B
re
ed
in
g
 b
ir
d
s 
u
su
al
ly
 h
av
e 
fa
t 
sc
o
re
s 
b
et
w
ee
n
 z
er
o
 a
n
d
 f
o
u
r.
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B
il
l 
 
 E
q
u
ip
m
en
t 
n
ee
d
ed
: 
C
al
li
p
er
, 
n
o
te
b
o
o
k
  
 T
h
is
 i
s 
an
 o
p
ti
o
n
al
 m
ea
su
re
m
en
t 
th
at
 y
o
u
 m
a
y
 w
an
t 
to
 t
ak
e.
 T
h
er
e 
ar
e 
se
v
er
al
 m
ea
su
re
s 
th
at
 c
an
 b
e 
ta
k
en
 i
n
cl
u
d
in
g
 b
il
l 
d
ep
th
 a
n
d
 l
en
g
th
. 
W
e 
u
su
al
ly
 
m
ea
su
re
 b
il
l 
le
n
g
th
, 
w
h
ic
h
 c
an
 i
n
 s
o
m
e 
w
ad
er
s 
id
en
ti
fy
 s
ex
 o
r 
ra
ce
. 
W
e 
m
ea
su
re
 i
t 
fr
o
m
 t
h
e 
ti
p
 t
o
 t
h
e 
st
ar
t 
o
f 
th
e 
fe
at
h
er
s 
u
si
n
g
 a
 c
al
li
p
er
 t
o
 t
h
e 
n
ea
re
st
 
1
/1
0
 m
m
. 
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A
p
p
en
d
ix
 6
. 
V
ar
ia
b
le
s 
re
co
rd
ed
 f
o
r 
b
ro
o
d
 e
n
co
u
n
te
rs
. 
 
Y
ea
r
 
 
S
it
e  
B
ro
o
d
 I
D
 
 
D
a
te
 
 
 
T
im
e
 
 
P
a
r
en
t 
 
C
h
ic
k
s 
 
L
a
ti
tu
d
e 
 
L
o
n
g
it
u
d
e 
 
H
a
b
it
a
t 
 
O
b
se
rv
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